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ABSTRACT

Research and development in photonic micro/nano structures functioned as
sensors and devices have experienced significant growth in recent years, fueled by their
broad applications in the fields of physical, chemical and biological quantities. Compared
with conventional sensors with bulky assemblies, recent process in femtosecond (fs) laser
three-dimensional (3D) micro- and even nano-scale micromachining technique has been
proven an effective and flexible way for one-step fabrication of assembly-free micro
devices and structures in various transparent materials, such as fused silica and single
crystal sapphire materials. When used for fabrication, fs laser has many unique
characteristics, such as negligible cracks, minimal heat-affected-zone, low recast, high
precision, and the capability of embedded 3D fabrication, compared with conventional
long pulse lasers. The merits of this advanced manufacturing technique enable the unique
opportunity to fabricate integrated sensors with improved robustness, enriched
functionality, enhanced intelligence, and unprecedented performance.
Recently, fiber optic sensors have been widely used for energy, defense,
environmental, biomedical and industry sensing applications. In addition to the wellknown advantages of miniaturized in size, high sensitivity, simple to fabricate, immunity
to electromagnetic interference (EMI) and resistance to corrosion, all-optical fiber
sensors are becoming more and more desirable when designed with characteristics of
assembly free and operation in the reflection configuration. In particular, all-optical fiber
sensor is a good candidate to address the monitoring needs within extreme environment
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conditions, such as high temperature, high pressure, toxic/corrosive/erosive atmosphere,
and large strain/stress. In addition, assembly-free, advanced fiber optic sensors and
devices are also needed in optofluidic systems for chemical/biomedical sensing
applications and polarization manipulation in optical systems.
Different fs laser micromachining techniques were investigated for different
purposes, such as fs laser direct ablating, fs laser irradiation with chemical etching
(FLICE) and laser induced stresses. A series of high performance assembly-free, alloptical fiber sensor probes operated in a reflection configuration were proposed and
fabricated. Meanwhile, several significant sensing measurements (e.g., high temperature,
high pressure, refractive index variation, and molecule identification) of the proposed
sensors were demonstrated in this dissertation as well. In addition to the probe based fiber
optic sensors, stress induced birefringence was also created in the commercial optical
fibers using fs laser induced stresses technique, resulting in several advanced polarization
dependent devices, including a fiber inline quarter waveplate and a fiber inline polarizer
based on the long period fiber grating (LPFG) structure.

iii

DEDICATION

This dissertation is dedicated to my family and friends,
for their love, support and camaraderie.

iv

ACKNOWLEDGMENTS
Upon finishing this dissertation, first and foremost, I would like to express my
gratitude to my advisor Dr. Hai Xiao, who gave me the precious opportunity to pursue
research under his guidance. Without his encouragement, patience and generous supports,
I would not have been able to finish my Ph.D. program. In here my best gratitude and
wish will be going to him.
I am also thankful to Dr. John Ballato, Dr. Liang Dong, and Dr. Lin Zhu for their
guidance on my dissertation, serving on my committee and for their encouragement over
last four years.
I am immensely grateful to thank my peers and friends that I have worked with in
Photonics Technology Lab: Dr. Tao Wei, Dr. Xinwei Lan, Dr. Han Qun, Dr. Jie Huang,
Dr. Hanzheng Wang, Dr. Ying Huang, Dr. Yinan Zhang, Dr. Amardeep Kaur, Dr.
Xiaobei Zhang, Dr. Bin Wu, Dr. Yanjun Li, Dr. Zhouyang Lian, Lei Hua, Mujahid Abdul,
Xia Fang, Baokai Cheng, Liwei Hua, Yang Song, Jie Liu, Wenge Zhu, Jincheng Lei, Qi
Zhang, Jianan Tang. I really appreciate for their time, help and assistance.
I would like to express my deepest gratitude to my family: my parents, Gang
Yuan and Xiaoqiu Lei; my wife, Jie Liu; and my little boy, Leo Yuan. Without their
continuous encouragement, endless love and unwavering support, I would not have been
able to accomplish my dream.
Finally, I would like to acknowledge the sponsors, the U.S. Department of Energy
(DOE) and the National Science Foundation (NSF) for funding my research under grand
numbers DE-FE0001127, DE-FE0012272, and NSF CMMI-1200787.

v

TABLE OF CONTENTS

Page
TITLE PAGE .................................................................................................................... i
ABSTRACT ..................................................................................................................... ii
DEDICATION ................................................................................................................ iv
ACKNOWLEDGMENTS ............................................................................................... v
LIST OF TABLES .......................................................................................................... ix
LIST OF FIGURES ......................................................................................................... x
LIST OF ACRONYMS ................................................................................................ xvi
CHAPTER
I.

INTRODUCTION ......................................................................................... 2
1.1 Femtosecond laser micromachining .................................................. 2
1.2 Fiber optic sensors ............................................................................. 2
1.3 Special requirements for advanced fiber optic
sensors and devices .......................................................................... 4
1.4 Femtosecond laser micromachinined fiber optic sensors .................. 8
1.5 Motivations and objectives ................................................................ 9
1.6 Organizations of the dissertation ..................................................... 11
1.7 Innovations and contributions .......................................................... 13

II.

LASER MATERIAL INTERACTION ....................................................... 17
2.1 Laser/matter interactions in a transparent material .......................... 17
2.1.1 Free electron plasma formation ............................................ 17
2.1.2 Energy deposition and material modification ....................... 23
2.1.3 Propagation conditions.......................................................... 31

III.

LASER PROCESSING EXPERIMENT ..................................................... 37
3.1 Femtosecond laser system................................................................ 37
3.2 Development of laser micromachining system ................................ 40

vi

Table of Contents (Continued)
Page
3.3 Preliminary results ........................................................................... 47
IV.

APPLICATIONS OF LASER DIRECT ABLATION/IRRADIATION ..... 50
4.1 Advanced sensors used in harsh environments ................................ 50
4.1.1 Introduction - Review ........................................................... 50
4.1.1.1 Existing sensors used in advanced energy systems ... 50
4.1.1.2 Review of the state-of-the-art technologies ............... 52
4.1.2 Example 1: Fiber inline Michelson interferometer ............... 56
4.1.2.1 Introduction ................................................................ 56
4.1.2.2 Operation principle .................................................... 57
4.1.2.3 Sensing mechanism .................................................... 59
4.1.2.4 Sensor fabrication ...................................................... 60
4.1.2.5 Interferogram of Michelson interferometer ............... 63
4.1.2.6 Sensing capabilities of Michelson interferometer...... 64
4.1.2.7 Conclusion ................................................................. 66
4.1.3 Example 2: Fiber inline Fabry-Perot interferometric
pressure sensor ................................................................... 67
4.1.3.1 Introduction ................................................................ 67
4.1.3.2 Review of existing diaphragm-based EFPIs .............. 68
4.1.3.3 Possible solutions ....................................................... 69
4.1.3.4 Sensing principle and mechanism .............................. 70
4.1.3.5 Sensor fabrication ...................................................... 74
4.1.3.6 Interferogram of diaphragm-based EFPIs .................. 78
4.1.3.7 Sensing capabilities of diaphragm-based EFPIs ........ 79
4.1.3.8 Conclusion ................................................................. 84
4.1.4 Example 3: Simultaneous measurement in harsh
environment ....................................................................... 85
4.1.4.1 Introduction ................................................................ 85
4.1.4.2 Review of existing fiber optic dual-parameter
sensors ........................................................................ 86
4.1.4.3 Possible solutions ....................................................... 86
4.1.4.4 Operation principle and sensing mechanism ............. 87
4.1.4.5 Sensor fabrication ...................................................... 89
4.1.4.6 Multiplexing and signal processing ........................... 94
4.1.4.7 Experimental results................................................... 98
4.1.4.8 Conclusion ............................................................... 100
4.2 Advanced optical fiber probes for SERS detection ....................... 101
4.2.1 Background and motivation ................................................ 101
4.2.2 Sample preparation ............................................................. 103

vii

Table of Contents (Continued)
Page
4.2.3 SERS probes fabrication ..................................................... 104
4.2.4 Raman signal test ................................................................ 106
4.2.5 Results and discussion ........................................................ 107
4.2.6 Conclusion .......................................................................... 110
V.

APPLICATIONS OF LIQUID-ASSISTED LASER PROCESSING ....... 112
5.1 Introduction .................................................................................... 112
5.2 3D hollow structure in optical fibers ............................................. 115
5.3 Example: All-in-fiber optofluidic sensor ....................................... 119
5.4 Operation principle and sensing mechanism ................................. 120
5.5 Sensor fabrication .......................................................................... 122
5.6 Interferogram of the proposed sensor ............................................ 124
5.7 Experimental results....................................................................... 125
5.8 Conclusion ..................................................................................... 127

VI.

APPLICATIONS OF LASER INDUCED STRESSES ............................ 128
6.1 Review of existing fiber inline polarization devices...................... 128
6.2 Possible solutions ........................................................................... 128
6.3 Device principle and simulations ................................................... 131
6.3.1 Device principle .................................................................. 131
6.3.2 Simulations based on LPFG theory .................................... 133
6.4 Device fabrication .......................................................................... 139
6.5 Parameters optimization................................................................. 141
6.6 Example 1: Fiber inline quarter waveplate .................................... 142
6.7 Example 2: Fiber inline polarizer based on LPFG......................... 144
6.8 Conclusion ..................................................................................... 149

VII.

SUMMARY AND FUTURE WORK ....................................................... 151
7.1 Brief summary ............................................................................... 151
7.2 Innovations and contributions ........................................................ 153
7.3 Future work .................................................................................... 156

APPENDICES ............................................................................................................. 159
A:
REFRACTIVE INDICES OF SUCROSE SOLUTIONS .......................... 159
B:
PUBLICATION LIST ............................................................................... 160
BIBLIOGRAPHY ........................................................................................................ 167
VITA………….. .......................................................................................................... 209

viii

LIST OF TABLES
Table

Page

3.1

Femtosecond laser system specifications..................................................... 37

3.2

The pros and cons of each microscope objective......................................... 47

4.1

Calibration results ........................................................................................ 98

6.1

The experimental results during the optimization process ........................ 141

ix

LIST OF FIGURES
Figure

Page

1.1

Schematic representation of the optical fiber as a waveguide
under TIR conditions ............................................................................... 3

2.1

Schematic diagram of nonlinear photoionization of an electron
in an atomic potential for different values of the Keldysh
parameter [101]. Left: tunneling ionization when γ < 1.5;
Middle: tunneling and multiphoton ionization when γ ~1.5;
Right: multiphoton ionization when γ > 1.5 .......................................... 18

2.2

Schematic illustration of physical mechanisms of intense fs
laser pulses in transparent materials. (a) The laser is
focused inside the sample leading to high laser intensity
in focal volume. (b) The photon energy is nonlinearly
absorbed and the free electron plasma is generated by
nonlinear photoionization. (c) The energy is transferred
from hot electrons to lattice on a ~10 ps time scale.
(d) Three types of permanent material modification,
including isotropic refractive index change at low pulse
energy, birefringent nanogratings formation at intermediate
energy, and empty voids formation at high pulse energy [5] ................ 24

2.3

Typical timescales versus intensity ranges of the phase changes
occurring during and after irradiation of a solid with a fs
laser pulse of about 100 fs duration. Excitation, melting and
ablation take place in the range of fs, ps, and ns regime,
respectively [131]................................................................................... 28

2.4

(a) Non-thermal fabrication regime using low repetition rate and
(b) thermal fabrication regime using high repetition regime [135] ....... 30

2.5

Schematic representation of the focusing-defocusing cycles
undergone by the intense center of a laser beam [144] .......................... 36

3.1

Optical schematic of Mira 900 ..................................................................... 38

3.2

Optical schematic of RegA 9000 ................................................................. 39

3.3

Schematic diagram of the fs laser micromachining system ......................... 41

x

List of Figures (Continued)
Figure

Page

3.4

Fs laser system and beam delivery path ...................................................... 42

3.5

Interfaces of the developed software. (a) Main GUI,
(b) drawing points, (c) inscribing lines, (d) fabricating
cuboids, and (e) realizing customized image ........................................ 44

3.6

Laser direct writing geometries in optical fibers.
(a) Longitudinal mode and (b) transverse mode .................................... 45

3.7

The logos of Photonics Technology Lab. (a) Original file,
(b) ablated on the surface of silica glass, and
(c) irradiated inside the silica glass ........................................................ 48

3.8

Helical structure in a silica fiber. Pitch Λ = 20 μm and
diameter D = 40 μm ............................................................................... 48

3.9

Line-by-line gratings inscription inside a sapphire fiber ............................. 48

3.10

Micro-cantilever structure ablated on the tip of silica fiber ......................... 49

3.11

Micro-ring resonator structure formed inside a silica fiber
via chemical assisted fs laser irradiation ................................................ 49

4.1

Schematic of the step-structured fiber inline Michelson interferometer ..... 58

4.2

Updated block diagram of the fs laser ablation system used
for fabrication of the fiber inline Michelson interferometer .................. 61

4.3

SEM images of the fabricated fiber inline Michelson interferometer.
(a) Top view and (b) endface view. Microscopic images of
the fabricated fiber inline Michelson interferometer.
(c) Top view and (d) side view .............................................................. 62

4.4

Reflection spectrum of the fiber inline Michelson interferometer............... 63

4.5

Temperature-induced wavelength shifts of the fiber inline
Michelson interferometer ................................................................... 64

4.6

Wavelength shift as a function of concentration of ethanol
in the fiber inline Michelson interferometer .......................................... 65

xi

List of Figures (Continued)
Figure

Page

4.7

Schematic of two types of diaphragm-based EFPI pressure
sensor. Type 1: capillary tube cavity and Type 2: laser
ablated cavity ......................................................................................... 70

4.8

Schematic diagram of diaphragm under pressure ........................................ 72

4.9

Updated block diagram of the fs laser ablation system used
for fabrication of EFPI cavity and diaphragm ....................................... 76

4.10

Microscopic images of the EFPI. (a) Image of the micro-cavity
drilled on the tip of the fiber. (b) Image of the EFPI cavity .................. 77

4.11

SEM images of the diaphragm-based EFPI using fs laser
ablation system. (a) Image of the micro-cavity drilled
on the tip of the fiber. (b) Top view of the EFPI cavity.
(c) Cross-section view of the diaphragm ............................................... 78

4.12

Typical interference spectra of the diaphragm-based EFPI
in air and water.(a) Before and (b) after laser roughened
the diaphragm.Wavelength shift as a function of concentration
of ethanol in the fiber inline Michelson interferometer ......................... 79

4.13

Sensor response to temperature changes...................................................... 80

4.14

Pressure induced interferogram shift of diaphragm-based EFPI ................. 81

4.15

Water vapor pressure as a function of temperature.
Inset: Autogenic pressure of water vapor at different
temperatures in a thermodynamic equilibrium and
closed system ......................................................................................... 82

4.16

Measured and calculated water vapor pressures at different
temperatures. CALP: theoretical pressure, MEAP: measured
pressure, and ΔP: difference between MEAP and CALP ...................... 83

4.17

Schematic of IFPI fabricated by fs laser irradiation .................................... 87

4.18

Schematic of the proposed hybrid sensor, including an
IFPI and a diaphragm-based EFPI ......................................................... 89

xii

List of Figures (Continued)
Figure

Page

4.19

Schematic of fs laser micromachining system for IFPI fabrication ............. 90

4.20

Microscopic image and reflection distribution in spatial
domain of three 1 cm IFPI cavities fabricated using
differing laser power: (a) 0.14, (b) 0.12, and (c) 0.1 W. [229] .............. 92

4.21

Microscopic images of (a) IFPI, (b) diaphragm-based EFPI,
and (c) CO2 laser irradiation point ......................................................... 93

4.22

The flow chart for demultiplexing signal process........................................ 96

4.23

(a) Spectrum of multiplexed EFPI and IFPI sensors and
(b) FFT of the multiplexed sensor spectrum .......................................... 97

4.24

Reconstructed interferograms of (a) EFPI and (b) IFPI............................... 97

4.25

(a) Pressure measurement results under different temperatures
and (b) temperature measurement results under different pressures ..... 99

4.26

SEM images of fs laser-ablated sapphire fiber endface:
(a) the fiber tip and (b) surface profile. (c) Microscope
image of fs laser-ablated sapphire fiber endface coated
with silver nanoparticles ...................................................................... 106

4.27

Schematic of the setup for characterization of the background
Raman scattering of the fibers and the performance of the
SERS probes ........................................................................................ 107

4.28

Background Raman spectra of two silica fibers (SMF and MMF)
and a sapphire fiber (all 20 cm in length) in air; Inset: enlarged
background Raman spectrum of the sapphire fiber ............................. 109

4.29

Raman spectra of R6G solution with a concentration of 10-7 M;
Inset: normalized Raman spectra with respect to their highest
intensities ............................................................................................. 110

5.1

Schematic of FLIWD for the fabrication of 3D arbitrary
microchannels in an optic fiber ............................................................ 114

xiii

List of Figures (Continued)
Figure

Page

5.2

(a) Block diagram of FLIWD for the fabrication of 3D
arbitrary microchannels in an optic fiber. (b) Figure of
details of FLIWD experiment setup ..................................................... 115

5.3

Microscope image of a straight microchannel inside an SMF
fabricated by FLIDW technique .......................................................... 116

5.4

Microscope images of a blind microhole inside an SMF
fabricated by FLICE technique. (a) Before HF etching and
(b) after HF etching .............................................................................. 119

5.5

Schematic of the all-in-fiber optofluidic device ........................................ 120

5.6

(a) Microscope image of the fabricated all-in-fiber optofluidic
device: the length L and the height H of the FP cavity are
55 and 20 μm, respectively. (b) Top view of the fiber device ............. 123

5.7

Reflection spectra in air of the all-in-fiber optofluidic devices
with cavity lengths of 35 and 55 μm, respectively .............................. 124

5.8

(a) Interference spectra and (b) center wavelength of an
interference valley (1567.6 nm) of the all-in-fiber device
in sucrose solutions with different concentrations. .............................. 126

6.1

Schematic illustration of stress rods created by fs laser micromachining
inside an optical fiber: (a) Cross-section view; (b) top view ............... 133

6.2

Mode coupling in LPFG and the transmission spectrum ........................... 134

6.3

Simulated spectra of two LPFGs inscribed on the SMFs
with birefringence (B) of 5.0×10-5 and 1.0×10-4, respectively ............ 137

6.4

Theoretical evaluation of the performance of polarization
dependent TAP-LPFG : (a) negative trend (curve at 0°
represents one polarization mode, while the other four
curves at 90°represent the other polarization mode with
negative values of birefringence); (b) positive trend
( curve at 0°represents one polarization mode, while
the other four curves at 90°represent the other polarization
mode with positive values of birefringence) ........................................ 138

xiv

List of Figures (Continued)
Figure

Page

6.5

Experiment setup for fabrication of in-fiber polarization
devices using the fs laser irradiation technique. Two
types of interrogation systems were used for different cases .............. 139

6.6

Microscopic images of two stress rod pairs fabricated inside
an SMF using fs laser irradiations: (a) Top view and (b) side view .... 140

6.7

Stress rods induced polarization changes in a SMF shown
on a Poincarésphere ............................................................................ 143

6.8

Transmission spectra of the LPFG with increasing number
of stress rod pairs at a preset input polarization ................................... 145

6.9

Transmission spectra of in-fiber polarizer based on the
stress-rod LPFG at two orthogonal polarizations.
(a) Spectrum in the entire range; (b) zoom in spectrum
(b) of the cladding mode with the highest transmission loss............... 146

6.10

The transmission spectra of the in-fiber polarizer based on
TAP-LPFG: (a) in different number of stress rod pairs
in water (The blue arrow indicates the trend of finding
the critical coupling point.); (b) at two characteristic points in air ...... 148

6.11

The transmission spectra of in-fiber polarizer based on
TAP-LPFG: (a) after applying a stretch strain or bending
effect in air; (b) at two characteristic points after applying
bending effect in air ............................................................................. 149

xv

LIST OF ACRONYMS
Fs/ps – Femtosecond/Picosecond Laser

LPFG – Long Period Fiber Grating

SMF – Single Mode Fiber

FBG – Fiber Bragg Grating

MMF – Multimode Fiber

FP - Fabry-Perot

SCSF – Single Crystal Sapphire Fiber

EFPI – Extrinsic Fabry-Perot Interferometer

PDL – Polarization Dependent Loss

IFPI – Intrinsic Fabry-Perot Interferometer

GVD – Group Velocity Dispersion

MZI – Mach-Zehnder Interferometer

NA – Numerical Aperture

MI – Michelson Interferometer

PMMA - Polymethyl Methacrylate

SEM – Scanning Electron Microscope

OFRR - Optofluidic Ring Resonator

OPD – Optical Path Difference

PCF – Photonic Crystal Fiber

AFM – Atomic Force Microscope

TIR – Total Internal Reflection

TAP – Turn Around Point

HF – Hydrofluoric Acid

RI – Refractive Index

KOH – Potassium Acid

ND – Neutral Density

STC - Standard Telephones and Cables

FWHM – Full Width at Half Maximum

EMI - Electromagnetic Interference

CTE – Coefficient of Thermal Expansion

FIB – Focused Ion Beam

CTO – Coefficient of Thermo-Optics

PMMA - Polydimethylsiloxane

3D – Three Dimensional

STEs - Self-Trapped Excitons

DL – Detection Limit

GUI - Graphical User Interface

PTL – Photonics Technology Lab

SOP - State of Polarization

SLM – Spatial Light Modulator

SERS – Surface Enhancement Raman Spectroscopy

xvi

CHAPTER ONE
INTRODUCTION
1.1 Femtosecond laser micromachining

The invention of the rube laser in 1960 [1] provided much higher laser intensities
than previous candidates. Since then, laser has been developed rapidly and used for
controllable material processing by high laser intensities. With the advances of modelocking techniques [2] and chirped pulse amplification [3], the intensities of
commercially available femtosecond (fs) laser systems can be achieved of more than 1013
W/ cm2 [4]. At such intensities, any materials, especially for transparent materials, will be
ionized and exhibit nonlinear behavior, causing dielectric breakdown and structural
change in transparent materials [5].
Fs laser is also known as ultrafast laser, due to its unique advantages of ultrashort
pulse width (< 200 fs, 1fs = 10-15s) and extremely high peak intensity (> 1015 W/cm2).
Recently, fs laser micromachining has opened up a new avenue for material processing,
especially for the transparent materials with large material bandgaps (i.e., fused silica (Eg
= 9 eV) or single crystal sapphire (Eg = 9.9 eV)). When used for fabrication, fs laser can
be used either to remove materials from the surface (ablation) or to modify the properties
inside the materials (modification or irradiation). Compared with long pulse lasers (pulses
longer than a few picoseconds) [6], fs laser has many unique characteristics, such as
negligible cracks, minimal heat-affected-zone, low recast and high precision.
Initial studies of fs laser micromachining were first demonstrated in 1987, when
ultrafast excimer UV lasers were used to ablate the surface of polymethyl methacrylate
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(PMMA) [7]. Later, micrometresized features on silica [8] and silver surfaces [9] were
performed using infrared fs laser systems. In less than ten years the resolution of surface
ablation has improved to enable high precision with nanometer-scale [10]. For the
material modification, Hirao`s group firstly demonstrated fs laser processed in the bulk
of transparent glass in 1996 and the material modification happened beneath the sample
surface, forming waveguiding structures with a permanent refractive index change
localized to the focal volume [11]. This was followed by introducing two-photon
polymerization into a resin [12] and printing complex three-dimensional (3D) structures
with nanometer-scale resolution. Over the past decade, fs laser micromachining has been
used in a broad range of applications, from waveguide writing, cell ablation to biological
samples modification [13]. As a result, fs laser was proven to be a unique and versatile
contactless material modification tool.
1.2 Fiber optic sensors
The fiber optics field has undergone tremendous growth and advancement over
the past fifty years. Initially considered as a medium of transmitting light and imagery for
medical endoscopic applications, optical fibers were later promoted as an information
carrier for telecommunication applications in the mid 1960`s [14]. C. Kao and G.
Hockham of the British company Standard Telephones and Cables (STC) were the first to
propose the idea that the attenuation in optical fibers could be controlled down to 20
dB/km, allowing fibers to be a good candidate for telecommunication applications [15].
Since then, the research and development of optical fiber telecommunication applications
has been widened immensely [16]. Today, optical telecommunication has proven to be
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the preferred method to transmit vast amounts of data and information with high speed
and long haul capability.
In addition to communication applications, optical fibers have been widely used
for broad sensing applications in the fields of physical, chemical and biological analyses,
including structure health monitoring, harsh environment temperature sensing, biological
and chemical refractive index/pH sensors, and medical imaging [17-21]. Optical fiber,
most of time is made of fused silica glass. It consists of fiber core, fiber cladding and the
outside buffer/jacket layer for protection, as shown in Fig 1. Due to the small amount of
doping elements (i.e., germanium-doped) in the fiber core area, the refractive index of
fiber core (n1) is slightly larger than the index of fiber cladding (n2), so the light can
propagate inside the fiber core due to the so-called total internal reflection (TIR).
Compared with electrical sensors, fiber optic sensors offer many intrinsic advantages,
such as small size/light weight, immunity to electromagnetic interference (EMI),
resistance to chemical corrosion, high temperature capability, high sensitivity, and
multiplexing and distributed sensing.

TIR

Core (n1)

Buffer/jacket

Cladding (n2)

Fig. 1.1. Schematic representation of the optical fiber as a waveguide
under TIR conditions.
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Existing fiber optic sensors are often classified into two basic categories either
through sensing elements or modulation types. Both transmission mode and reflection
mode are suitable for fiber optic sensors.
Different sensing elements: if the fiber is only used as a light propagation medium,
then the sensor can be called extrinsic (or hybrid) fiber optic sensor. In another case, if
the fiber is used as not only a light propagation medium, but also a sensing transducer,
then this type of sensor is called intrinsic (or all fiber) optic sensor.
Different modulation types: fiber optic sensors can also be categorized into
intensity modulated [22], wavelength/frequency modulated [23-24], phase modulated
interferometers [25-29], and polarization modulated based sensors (also known as
polarimetric sensors [30]). Compared with other types of fiber optic sensors, phase
modulated interferometers have the advantages of high resolution and high sensitivity
due to the technique of interference measurement.

1.3 Special requirements for advanced fiber optic sensors and devices
Fiber optic sensors have been long-envisioned as a cost-effective and reliable
candidate for many applications. However, although the past half century has seen a
steady growth of appearance of optical fibers in various industry sectors, the market of
fiber optic sensors has not blew out as expected. On the contrary, many of the unique
advantages and special requirements of advanced fiber optic sensors and devices are yet
to be fully harvested, including assembly-free, inexpensive, and miniaturized fiberpigtailed sensor probes as well as long haul, fully distributed fiber optic sensor networks.
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In this dissertation, three significant cases are presented and special requirements
for fiber optic sensors and devices used in various applications are discussed in the
following parts:
Case 1: Advanced energy systems
Advanced energy systems (i.e., power plant and coal gasification) rely heavily on
sensors and instrumentations for advanced process control/optimization, key components
health status monitoring and protection, maintenance scheduling and lifecycle
management as well as increased efficiency, reduced emission and lowered cost [31].
Typically, the environment in advanced energy systems is really harsh. The term
harsh environment can be the summary of a lot of extreme conditions including high
temperature (up to 1600 ℃ ), high pressure (up to 1000 psi), highly chemical
corrosive/erosive, toxic, large strain/stress, and strong electromagnetic disturbance. These
extreme conditions require the sensors can survive and operate in harsh environments for
a long period of time with the characteristics of dependable performance, robustness,
long term stability, easy installation and maintenance, and acceptable cost. However,
most of existing sensors and monitoring technologies capable of operating in harsh
conditions are extremely limited. In addition, such challenging requirements normally
prevent the usage of commercially available, general purpose electrical sensors. Optical
fiber sensors, with its glass nature and optical interrogation principle, may provide a
viable solution for sensing and monitoring in these harsh conditions [32].
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Case 2: Optofluidic systems
In addition to the advanced energy systems, special requirements for advanced
fiber optic sensors are also needed in biomedical/chemical applications, i.e. the hot topic
of optofluidic systems. Aiming to synergistically combine integrated optics and
microfluidics, optofluidics based systems have attracted much research interest because
of their unique advantages towards biological/chemical sensing applications [33]. In an
optofluidic system, the liquid of interest is constrained and manipulated in a small
geometry to interact with the optics. As such, the physical, chemical and biological
properties of the liquid can be probed and analyzed effectively using optical means [34].
Most optofluidic systems have been constructed on a planar platform with
microchannels in silica/polymetric materials and probed by a variety of optical methods,
such as absorbance, fluorescence, refractometry, Raman-scattering, etc [35]. Objective
lenses are commonly used to couple light into and out of the microfluidics [36]. However,
the need of using a microscope to perform the optical alignment limits its field
applicability. A number of efforts have been made to fabricate optical waveguides inside
the substrate to confine and transport light in the substrate [37] or directly integrate
optical fibers with the fluidics for excitation and probing [38]. However, the transmission
efficiency of light coupling is still a challenge in most optofluidic configurations.
In addition to planar configurations, it has been suggested that the microfluidics
can be directly fabricated on an optical fiber to form the so-called all-in-fiber optofluidics.
The all-in-fiber configuration has the unique advantage of alignment free optics and
improved robustness. Examples include the photonic crystal fibers (PCF) filled with
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functional fluids in their cladding air voids [39], the capillary-based optofluidic ring
resonator (OFRR) with a microchannel for sample delivery [40], and a miniaturized
microchannel directly fabricated on a conventional optical fiber for light-fluid interaction
[41]. While the PCF-based and OFRR-based optofluidic sensors utilize the evanescent
fields to probe the fluid, the microchannel on a conventional fiber configuration allows a
direct light passage through the liquid.
However, PCFs are still expensive and huge transmission loss will be generated
when fusion splicing PCFs with SMFs. OFRR structure needs to assemble with an
ultrathin and fragile fiber optic taper to read out the signal, limiting the application within
the lab condition. Although the sensor with a micromachannel in a SMF can probe the
liquid, the sensing mechanism is still based on the intensity modulation, whose sensitivity
and detection limit are much smaller and higher, respectively, than those of phase
modulation based sensors.
As such, advanced fiber optic sensors with high performance (high sensitivity and
low detection limit) and assembly-free character for the application of optofluidic
systems need to be researched and developed.
Case 3: Polarization states in optical systems
Control of the state of polarization (SOP) of light, especially in optical fibers, is
essential to many applications, such as optical communications [42], spectroscopy,
microscopy [43], and sensing [44]. However, most polarization controlling devices (e.g.,
waveplates and polarizers) used in existing fiber optic systems are still based on bulkoptic components. These bulk-optic devices have to be interfaced with optical fibers
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through collimators and pigtails. This not only increases the cost of implementation but
also compromises the robustness of the system. It is highly desired that the waveplates
and polarizers can be implemented in an all-fiber form with minimum insertion loss and
desirable performance.
Based on the descriptions of three cases listed above, the realization of the full
potentials offered by advanced fiber optic sensors and devices requires continuing
research innovations, especially developing advanced manufacturing methods.

1.4 Femtosecond laser micromachined fiber optic sensors
Existing fiber optic sensors can be fabricated utilizing different advanced
manufacturing methods, including tapering/torching [45], fusion splicing [46], CO2 laser
welding and irradiating [47], UV/excimer laser exposuring [48], ultrafast laser (i.e.,
picosecond (ps) laser) micromachining [49] as well as focused ion beam (FIB)
lithography [50].
Limitations and disadvantages are still existing corresponding to the proposed
advanced manufacturing methods mentioned above, such as low precision control of
sensing element for tapering/torching and fusion splicing methods, large spot size for
focused CO2 laser beam, grating region release under high temperature when using UV
laser exposuring, large pulse width for ps laser (low precision) as well as high cost and
time consuming issue for FIB lithography.
With the unique advantages of fs laser micromachining mentioned previously, a
lot of advanced fiber optic sensors have been proposed in the past 20 years. Examples
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include fs laser micromachining of long period fiber gratings (LPFGs) [51-62], fiber
bragg gratings (FBGs) [63-80], Fabry-Perot interferometers (FPIs) [81-87], Mach-Zenfer
interferometers (MZIs) [88-93], Michelson interferometers (MIs) [94], intensitymodulated sensors with micro holes [41, 95], surface enhancement Raman scattering
probes [96-97] and etc.

1.5 Motivations and objectives
Motivations: This research was initially motivated by developing fs laser
processing methods for the fabrication of novel sensing or monitoring assembly-free
sensors and devices in extreme environments of advanced energy systems, optical fiber
based optofluidic system for chemical/biological sensing applications, and polarization
controlled devices within all fiber platforms.
Objectives: From the previous reviews, it is concluded that optical fiber is a
promising candidate for harsh environment and chemical/biological sensing applications.
However, the assembly based microsensors suffer from a high possibility to be damaged
at high temperature due to the CTE mismatch among different components. Also, PDMS
based microfluidic has poor thermal conductivity and is incompatible with several
organic solvents, resulting limitations in practical implementations. For the polarization
devices, polarization devices implemented in an all fiber platform are extremely needed.
The main objective of this work is to develop key enabling techniques (i.e., fs
laser micromachining technique) that would create novel optical fiber sensors and
devices for various applications. Specifically, we will design, model, fabricate and
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demonstrate novel optical fiber sensors and devices with enhanced robustness, enriched
functionalities, improved intelligence as well as unprecedented performance through
assembly-free, ultrafast laser based manufacturing methods. In addition, this dissertation
intends to close the gap between theoretical analysis and experimental validation and
provide guidance for the design and fabrication of advanced fiber optic sensors and
devices. Following are the specific objectives that needed to be met with this research:
1)

Establishment of a fundamental understanding of fs laser interacting with
transparent materials for guiding the fabrication of high performance fiber optic
sensors and devices. Improvement and optimization of fs laser micromachining
systems are also involved.

2) Development of fs laser direct ablation/irradiation technique for the fabrication of
novel fiber optic sensors. Design, modeling, fabrication and demonstration of
novel, assembly free fiber inline Michelson/Fabry-Perot interferometers for high
temperature,

high

pressure

and

dual

parameters

sensing

applications.

Nanostructured silica/sapphire fiber optic surface enhanced Raman scattering
(SERS) probes are also demonstrated for ultraweak molecule identification.
3) Research and development of fs laser processing of microchannels in optical fibers.
Both laser induced water breakdown and chemical assisted fs laser irradiation
techniques are discussed. An all-in-fiber optofluidic sensor is proposed for
biomedical/chemical sensing applications (i.e., refractive index (RI) variation of
surrounding medium).
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4) Development and demonstration of a new technique to generate optical
birefringence in optical fibers using fs laser irradiation. Stress-induced
birefringence is realized and entailed the capability to fabricate advanced fiber
optic devices. Polarization dependent devices, including waveplates and
polarizers, are proposed as examples.

1.6 Organizations of the dissertation

The dissertation is organized into seven chapters with their contents briefly
described below:
Chapter 1 provides a general introduction of the development of fs laser
micromachining, fiber optic sensors and the combination of these two candidates. A brief
review of the current state –of-the-art harsh environment sensing technologies is provided.
The existing technologies for chemical/biological sensing applications are also involved.
The importance of state of polarization in optical fibers is proposed. The challenges,
limitations and unsolved issues are summarized. Consequently, the research objectives
and the scientific/technical topics to be addressed by this dissertation are derived. After a
brief description of the scope of the dissertation work, the research innovations are
summarized in the context of design, development and demonstration of a number of
novel, robust inline optical fiber microsensors uniquely fabricated by assembly-free fs
laser fabrication.
Chapter 2 briefly overviews the fundamental physics describing fs laser direct
writing in transparent materials.
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Chapter 3 introduces the fs laser micromachining system utilized for the
micromachining experiment. Both laser systems and beam delivery components are
presented. Several fabrication examples are listed.
Chapter 4 presents the fs laser direct ablation method for materials removal.
Examples including a Michelson interferometer for high temperature sensing, a FabryPerot interferometer for high pressure sensing, a hybrid sensor for dual-patameter sensing,
and the comparison results of fiber SERS probes for ultraweak Raman signal detection.
Chapter 5 proposes advanced methods for embedded microchannel fabrication in
transparent materials. An all-in-fiber optofluidic sensor will be discussed using fs laser
irradiation followed by chemical etching (FLICE). Another possible solution for
microchannel formation, known as laser induced water breakdown (FLIWD) technique,
will also be involved.
Chapter 6 discusses stress-induced birefringence created in a commercial optical
fiber using fs laser induced stresses. Assembly-free polarization dependent devices,
including fiber inline quarter waveplate and in fiber polarizers based on LPFG/high order
mode LPFG structures will be discussed.
Chapter 7 summarizes the work contained within the dissertation and comments
on the future of the research. Past successes and current progress indicate that the two
fields covered in this dissertation will eventually merge.
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1.7 Innovations and contributions
Major scientific and technical contributions of this dissertation include the
following:
1. A home-integrated fs laser micromachining systems is established and
processing techniques are developed in our lab with capabilities of high
accuracy (sub-micron) micromachining, one step fast ablation or material
modification, suitable for a diverse variety of large bandgap transparent
materials (i.e. fused silica and single crystal sapphire), and focusing inside the
material (underneath the material surface) with 3D capability.
2. A novel fiber inline Michelson interferometer was

fabricated by

micromachining a step structure at the tip of a single-mode optical fiber using
fs laser ablation technique. The step structure splits the fiber core into two
reflection paths and produces an interference signal. A fringe visibility of 18
dB was achieved. Temperature sensing up to 1000 °C and refractive index
sensing application in various concentrations of ethanol solutions were all
demonstrated using the fabricated assembly-free device. The temperature
sensitivity was ~14.72 pm/℃ at specific wavelength and the low refractive
index sensitivity indicated that such device was very suitable for high
temperature sensing measurement.
3. A fiber optic Fabry-Perot interferometric pressure sensor with its external
diaphragm surface thinned and roughened precisely by femtosecond (fs) laser
ablation is proposed. The thickness of the micromachined diaphragm (~ 2.6
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μm) was closely related to the pressure sensitivity and pressure measurement
range of the proposed device. The laser roughened surface helps to eliminate
outer reflections from the external diaphragm surface and makes the sensor
immune to variations in ambient refractive index. Static pressure (up to 6.895
× 105 Pa) and high temperature (up to 700 ℃ ) measurements were all
investgated using the proposed device. The sensitivity of pressure and
temperature-pressure cross sensitivity were 2.8×10-4 nm/Pa and 15.86 Pa/℃,
respectively, which indicated that the sensor was useful for pressure
measurement in a high temperature environment with low temperature
dependence. The sensor has also been demonstrated for measurement of
autogenic pressures of water vapor up to 200 ℃ .Without temperature
compensation, the pressure measurement results agreed well with those
calculated based on the theoretical model.
4. A new approach of simultaneously measuring temperature and pressure with
fiber inline sensor is presented. This approach utilizes cascaded fs laser
micromachined intrinsic Fabry-Perot interferometer (IFPI) and extrinsic
Fabry-Perot interferometer (EFPI) as temperature and pressure sensing
elements, respectively. Experimental results showed that this sensing system
can resolve temperature and pressure unambiguously in a pressure range of 0
to 6.895×105 Pa and temperature range from room temperature to 700 ˚C.
5. Different types of fibers were compared for construction of reflection-based
surface-enhanced Raman-scattering (SERS) fiber probes. The probes were
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made by direct fs laser micromachining of nanometer structures on the fiber
endface and subsequent chemical plating of a thin layer of silver. In
comparison with the silica fibers, the single-crystal sapphire fiber has much
lower background Raman scattering. The fs laser is found effective to
fabricate high-quality sapphire fiber SERS probes for detection of weak
Raman signals in a reflection configuration.
6. A novel all-in-fiber optofluidic device was fabricated by fs laser irradiation
followed by chemical wet etching. Horizontal and vertical microchannels can
be flexibly created into an optical fiber to form a fluidic cavity with
inlets/outlets. The fluidic cavity also functions as an optical Fabry-Perot (FP)
cavity in which the filled liquid can be probed. The assembly-free micro
device exhibited a fringe visibility of 20 dB and demonstrated for
measurement of the refractive index (RI) of the filling liquids. The RI
sensitivity was ~1135.7 nm/RIU at specific wavelength. Meanwhile, high
temperature survivability of this micro device was also demonstrated with the
temperature sensitivity of 0.58 pm/ ℃, which indicated that the proposed
assembly-free all-in-fiber optofluidic device had lower temperature crosssensitivity and was attractive for RI sensing applications in high-temperature
harsh environments.
7.

Optical birefringence was created in a single-mode fiber by introducing a
series of symmetric cuboid stress rods on both sides of the fiber core along the
fiber axis using a femtosecond laser. The stress-induced birefringence was
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estimated to be 2.4×10-4 at the wavelength of 1550 nm. By adding the desired
numbers of stressed rods, an in-fiber quarter waveplate was fabricated with a
insertion loss of 0.19 dB. The stress-induced birefringence was further
explored to fabricate in-fiber polarizers based on the polarization-dependent
long-period fiber grating (LPFG) structure. A polarization extinction ratio of
more than 20 dB was observed at the resonant wavelength of 1523.9 nm. The
in-fiber polarization devices may be useful in optical communications and
fiber optic sensing applications.

16

CHAPTER TWO
LASER MATERIAL INTERACTIONS

A brief overview of the background physics describing fs laser micromachining
of transparent materials was presented in this chapter. The discussion of laser/matter
interactions was starting from atomic scale - free electron plasma formation. Then energy
deposition and material modification were involved. A description on linear and
nonlinear propagation of light in transparent materials was also discussed.
2.1 Laser/matter interactions in a transparent material
2.1.1

Free electron plasma formation

High intensity focused fs laser pulses with the wavelength (λ) of 800 nm, have
insufficient photon energy ( E  h    1.55eV , where   2 ) to be linearly
absorbed in fused silica with the bandgap of material Eg, which is about 9 eV. As such,
nonlinear photoionization is dominant to promote electrons from valence band to the
conduction band, and then generate free electrons. Typically, there are two classes of
such ionization process: nonlinear photoionization and avalanche ionization [98].
Nonlinear photoionization refers to direct electron excitation by an electric laser field.
Such process can generate seed electrons that will participate in the next process.
Photoionization involves multiphoton ionization and/or tunneling ionization depending
on the laser frequency and intensity [99]. Once the free electrons exist in the conduction
band, free-carrier absorption happens, leading to collisional ionization followed by
avalanche ionization.
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Typically, the character of the nonlinear photoionization is evaluated by
calculating the adiabatic parameter γ, also widely referred to as the Keldysh parameter
[100]:

=

 mecn0 0 Eg
e

I

(2.1)

where me and e are the effective mass and charge of the electron, respectively, Eg is the
bandgap energy of the material, c is the speed of light in vacuum, n is the refractive index
of the material, ε0 is the electric permittivity, and I is the intensity of the laser field at
frequency ω.

Fig 2.1: Schematic diagram of nonlinear photoionization of an electron in an atomic
potential for different values of the Keldysh parameter [101]. Left: tunneling ionization
when γ < 1.5; Middle: tunneling and multiphoton ionization when γ ~1.5; Right:
multiphoton ionization when γ > 1.5.

When the Keldysh parameter γ is smaller than 1.5, the tunneling process
dominates the photoionization. As such, the strong electric laser field interacts with the
Coulombic binding field, resulting in an oscillation finite potential barrier, through which
the valence electrons can tunnel and escape to the conduction band [101]; For γ ~ 1.5,
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photoionization is a combination of tunneling and multiphoton ionization; If γ exceeds
1.5, then the multiphoton ionization is dominant. Details can be found in Fig.2.1. In the
multiphoton absorption regime, photoionization rate dne/dt strongly depends on the laser
intensity:
dne (t , r , z )
  m ( I (t , r , z )) m
dt

(2.2)

where t is the time, r the distance to the Gaussian beam axis, z the depth from the surface
of the bulk material, ne is free electron density, I(t, r, z) is the laser intensity inside the
bulk material, m is the order of the multiphoton process, i.e. the number of photons
should be 6 in our case to satisfy the condition E  m   Eg and δm is the cross section
of the m-photon absorption. The tunnelling rate, on the other hand, scales more weakly
with the laser intensity than the multiphoton rate [101].
The strong dependence on the intensity also means that the photoionization
process is more efficient for the laser with short pulse duration. For the long pulse laser
(i.e., ns), the photoionization process cannot efficiently generate sufficient the seed
electrons and the excitation process becomes strongly rely on the low concentration of
impurities with energy levels which are distributed randomly close to the conduction
band. As such, the modification process becomes less deterministic and precise
machining is impossible for longer pulses [98].
Free carrier absorption will happen when the excited free electron continually
absorb several photons sequentially and then move itself to the higher energy state. The
absorption coefficient α0 depends on the imaginary part of the refractive index κ of the
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transparent material, where  0 = 2 c . The complex refraction index of the material

n  n  i , is related to the permittivity ε(ω) of the material, which is often explained by
the Drude model [102]. In this Drude model, the permittivity is dominated by plasma-like
resonance of the free electrons in a metal, and can be expressed by


p
 p2    p2
 ( )  1 
 1  2

i



 (  i )     2    ( 2   2 ) 

(2.3)

where γ stands for the damping constant, which is different from Keldysh parameter
mentioned before. In the expression of ε(ω), the plasma frequency ωp is defined by [103]:

 p (ne ) 

e 2 ne (t )
 0 me

(2.4)

where ne is also denoted as free carrier density. When the free electron density excited by
photoionization approaches a high density (i.e., ωp ~ ω ~ 1021 cm-3), a large fraction of
the remaining fs laser pulse can be absorbed [101]. Assumed 800-nm laser irradiation, the
plasma frequency ωp equals the laser frequency ω when the free carrier density ne is
approximately 1.7×1021 cm-3, which is also known as the critical density of free electrons
( nc (t )   2 0 me e2 ). Such critical value can be also used as a criterion in the model of
laser-material interaction.
Avalanche ionization involves free-carrier absorption followed by impact
ionization. The free electrons in the conduction band oscillate in the electromagnetic field
of the laser and gradually gain energy by collisions. After the conduction band electron`s
energy exceeds the minimum energy of the conduction band by more than the bandgap
energy of the material, it can impact ionize another bound electron from the valence band
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via collision, resulting in two excited electrons near the bottom of the conduction band
[104]. Both electrons can undergo free carrier absorption, impact ionization, and repeat
the described energy transfer cycle. Such process will not stop until the laser electric field
is dissipated and not strong enough, leading to a so-called electronic avalanche. The
density of free electrons generated through the avalanche ionization is
dne (t , r , z )
 ai I (t , r , z )ne (t , r , z )
dt

(2.5)

where ai is the avalanche ionization coefficient [105]. The original laser beam before it
interacts with the material is assumed to be a Gaussian distribution in time and space. At
z = 0, it is assumed that the laser focus point is at the surface of the material. Considering
time and space dependent optical properties, the laser intensities focused inside the bulk
transparent materials can be expressed as [106]
I (t , r , z ) 

 r2

z
2F
t
(1  R(t , r ))  exp   2  (4 ln 2)( ) 2    (t , r , z ) dz 
 r

0
p
 ln 2 p
 0


(2.6)

where F is the laser fluence, τp is the pulse duration, R(t, r) is the reflectivity, r0 is the
radius of the laser beam that is defined as the distance from the centre in which the
intensity drops to 1/e2 of the maximum intensity and α(t,r,z) is the absorption coefficient.
The optical properties of the highly ionized dielectrics under an fs pulse can be well
determined by plasma properties [107].
It should be noticed that avalanche ionization requires the presence of seed
electrons, which can trigger the process and is more efficient with longer pulse durations.
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The following rate equation has been widely used to describe this nonlinear
photoionization process (the combined action of multiphoton excitation and avalanche
ionization) [105]:
dne (t , r , z )
  m ( I (t , r , z )) m  ai I (t , r , z )ne (t , r , z )
dt

(2.7)

However, free carrier losses (i.e., self-trapping and recombination) may occur on
a time scale comparable to pulse duration (< 40fs) of fs laser beam in large bandgap
materials, such as quartz and fused silica. As such, the rate equation shown above should
be modified [101]. While in our thesis work, such losses can be neglected due to the
longer pulse duration of the laser we used, which is about 200fs.
For material with defects or some dopants, initial electrons can be excited from
these low-lying levels via linear absorption or thermal excitation [101]. For pure
dielectrics, such electrons are generated by nonlinear photoionization (i.e., ultrashort
pulses). Then, free electron plasma formation is realized.
In a word, for ultrafast laser pulses (i.e., subpicosecond or even smaller), photonelectron interaction occurs on a faster time scale than energy transfer from hot free
electrons to the lattice, separating the absorption and lattice heating processes [101]. The
plasma will become strongly absorbing when the density of free electrons in the
conduction band increases through avalanche ionization until ωp ≈ ω. In another word,
it`s generally assumed that material modification/optical breakdown occurs at this critical
point. In fused silica, the laser intensity needs to be ~1013 W/cm2 [101] to achieve optical
breakdown.
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2.1.2

Energy deposition and material modification

When the absorbed laser energy, via free electron plasma formation process, is
high enough, it can be transferred to the lattice (phonon) and then deposited into the
material via electron-phonon coupling, equalizing the temperature of the free electrons
and the lattice and resulting in the permanent material modification subsequently. Since
the lattice heating time is on the order of 10 ps, which is much longer than the pulse
duration of the fs laser beam, less energy is needed to achieve the intensity for optical
breakdown with respect to short pulses and high precision micromachining can be
realized [13].
Although the free electron plasma created by absorbing fs laser pulses for
nonlinear photoionization in transparent materials is widely accepted, the physical
mechanisms for material modification are not fully understood. Davis and coworkers [11]
first observed morphology changes and then generally classified into three types of
structural formations: an isotropic refractive index formation (i.e., waveguide) [11, 108],
a nanograting formation [109-111], and a confined microexplosion and void formation
[112-113]. In fused silica, these three morphologies can be observed by adjusting the
pulse energy of the incident fs laser beam [5, 111], as shown in Fig 2.2.
It should be noted that the permanent formations in transparent materials with
large bandgap energy also depend on many other exposure parameters, such as pulse
duration, repetition rate, laser wavelength, polarization state, tight/loose focusing
condition as well as the scanning speed of the translation stage. Further explanations of
mechanisms will be found in the following discussions.

23

Fig 2.2: Schematic illustration of physical mechanisms of intense fs laser pulses in
transparent materials. (a) The laser is focused inside the sample leading to high laser
intensity in focal volume. (b) The photon energy is nonlinearly absorbed and the free
electron plasma is generated by nonlinear photoionization. (c) The energy is transferred
from hot electrons to lattice on a ~10 ps time scale. (d) Three types of permanent material
modification, including isotropic refractive index change at low pulse energy,
birefringent nanogratings formation at intermediate energy, and empty voids formation at
high pulse energy [5].

Smooth refractive index change - Waveguide
In fused silica, a smooth refractive index change will be generated when the low
energy pulses are just above the modification threshold and applied (i.e., pulse energy of
~100 nJ with 100 fs, 800 nm laser pulses focused at a 0.65 NA). Such material
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modification has been attributed to densification from rapid quenching of the melted
glass in the focal volume [114]. When the glass is rapidly cooled from a higher
temperature, the density (refractive index) of the material will increase [115]. Raman
spectroscopy measurement indicate an increase in the number of 3- and 4-member rings
in the silica structure following the laser irradiation, while 5- and 6-member rings
predominate in the unexposured region, indicating a densification of the glass [114]. In
addition, infrared spectroscopy indicates a change in the Si-O-Si bond angle can give rise
to material densification [116]. It has been argued that laser-induced color centers may
play a role for the laser-induced refractive index change via a Kramers–Kronig
mechanism [117], where increased absorption due to laser-induced defects leads to
increased refractive index [118]. The relaxation of self-trapped excitons (STEs) can form
defect during laser irradiation, which can yield macroscopic structural damage in the
material [103].
It should be noted that in some specific glasses or crystalline materials, the entire
laser irradiated region may exhibit refractive index decrease in the focal volume [119].
As such, laser direct writing waveguides is not suitable for this case. Alternatively,
waveguiding structures can be produced in these materials by laser induced stresses. This
technique was successfully applied for the fabrication of waveguide lasers in doped
glasses and crystals [120-122] and part of my contributions in this thesis work will be
also involved using this concept (shown in Chapter 6).
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Birefringent refractive index change – Nanogratings
Birefringent refractive index changes have been first observed in the bulk of fused
silica glass by Sudrie et al [109] when the intermediate energy (i.e., pulse energy of
~150-500 nJ with 100 fs, 800 nm laser pulses focused at a 0.65 NA) was applied to the
sample. Periodic, nanometer-scale gratings are formed in the irradiated volume, with the
gratings oriented perpendicular to the polarization of the fs laser beam [111]. The
mechanism related to this phenomenon attributes to the interference of the laser field and
the laser induced electron plasma wave [110]. Further investigation reveals that such
nanogratings can be etched by chemical solutions (i.e., hydrofluoric acid (HF) or
potassium hydroxide (KOH)), indicating good potentials to form baried microchannels in
the bulk material [123-124]. Details of microfluidics/optofluidics devices with embedded
microchannels in optical fibers will be discussed in Chapter 5.

Nanovoids formation
For high pulse energies (i.e., pulse energy of > 500 nJ with 100 fs, 800 nm laser
pulses focused at a 0.65 NA), the peak intensities can go up to~1014 W/cm2, laser induced
shock waves will generate stresses/pressures, which is greater than the internal pressure
of the material (also known as Young`s modulus) within the focal volume. Such process
is also referred to as microexplosion in the bulk of the material, leaving a less dense or
hollow core (void) surrounded by a shell of material with higher refractive index [125].
Such voids may be suitable for the purpose of 3D memory storage [126] or photonic
bandgap materials [127]. However, they are not suitable for optical waveguides or
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microfluidics. As a result, this part of research is far beyond the purpose of this thesis
work.
Three types of formations mentioned above can be clearly distinguished only for
laser pulses shorter than ~200 fs [111, 128]. At longer pulses, nanogratings appear even
at relatively low fluencies, just above a permanent modification threshold. Poumellec et
al. also presented extensive analysis of the thresholds of these modifications for silica
doped with Ge, F, and P [129]. As such, commercial optical fiber with Ge-doped core (Eg
≈ 7.1eV) area may have a smaller value of threshold than that of fiber cladding and
details can be found in the following chapters.

Surface ablation
If the laser beam is focusing on the surface of the transparent materials, the basic
processes during laser ablation such as excitation, melting, and material removal are
temporally separated when fs laser pulses are applied, allowing a separate investigation in
different time scales. Once free electron and free carrier excitations are finished, several
mechanisms can be involved that may give rise to damage or optical breakdown of a nondefect transparent material under fs laser excitation. It`s widely accepted that thermal
phase change include melting and vaporization of the solid, following strong phonon
emission induced by free electron plasma formation [103]. For the physical mechanisms
of non-thermal phase change, Coulomb explosion was proposed to explain single-shot
ablation by fs laser pulses [130]. All the phase changes are highly depending on the
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material properties (i.e., bandgap Eg) and applied laser parameters (i.e., pulse duration τp
and intensity I).
For laser pulses shorter than a few picoseconds, a substantial amount of energy
will be transferred to the lattice during pulse propagation [101]. The excited lattice
phonons are diffusing thermal energy to the vicinity of the laser focal volume, then
melting and causing permanent damage (depending on the critical plasma concentration)
to the transparent material. These regimes and the timescales of the corresponding
processes [131] are shown in Fig. 2.3. For pulse duration < 10 ps, thermal diffusion and
electron-ion interaction take place after the laser pulse; thus, the electrons can reach high
temperatures, while keeping the lattice in the cold state during laser pulse irradiation,
which is also called cold ablation. Such ablation mechanisms can make fs lasers an ideal
tool to produce deterministic optical breakdown and damage near threshold and
controllable material removal.

Fig. 2.3: Typical timescales versus intensity ranges of the phase changes occurring during
and after irradiation of a solid with a fs laser pulse of about 100 fs duration. Excitation,
melting and ablation take place in the range of fs, ps, and ns regime, respectively [131].
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It is well known that the damage threshold (J/cm2) scales as the square root of the
pulse duration (i.e.,  p ), however, a deviation from this rule was observed with the
laser pulses shorter than 10 ps [132]. In addition, the arguments of the definition of
damage threshold with respect to the laser focusing at the surface and inside the bulk still
exist. Typically, people use scanning electron microscope (SEM) or atomic force
microscope (AFM) to characterize the damage threshold at the surface of material [105],
while ultrafast pump-probe method is adopted to estimate the damage threshold of the
bulk material [101]. Obviously, such two situations are quite different. When it comes to
the surface case, the surface condition (i.e., roughness, reflectivity) and sample quality
[133] may play significant roles to affect the damage threshold. In addition, there is no
need to consider extra propagation effects, such as spherical aberration and self-focusing
as is the bulk [134]. Afterward, the electrons release energy only to the focal volume,
restraining the heat-affected zone and optical breakdown in the vicinity. Fortunately, Eric
Mazur`s group has proposed a method for measuring the threshold intensity in the bulk
rather than on the surface of the transparent material [101], which may guide other
researchers for further investigation.

Multi-pulse interaction
Our discussion of the structural changes induced by fs laser pulses on the surface
or in the bulk of a transparent material was mainly based on single pulse interaction.
However, when it comes to the multi-pulse condition within the same laser spot, the
repetition rate may play a significant role during the structure formation. In general, two

29

different modification regimes can be classified, including non-thermal and thermal
regime [135] (Fig. 2.4). If the repetition rate is low enough (i.e., 1kHz), the generated
heat in fused silica can be diffused out of the focal volume before the next pulse arrives
[136-137]. Typically, the thermal diffusion time in glass is ~1 μs [138], which is much
shorter than the time between two consecutive pulses (~ 1 ms). In this situation, structure
is modified pulse-by-pulse without heat accumulation effect. Furthermore, in order to
create a smooth waveguide inside the transparent material, pulses need to be spatially
overlapped, which may limit the translation speed and increase the fabrication time.

Fig. 2.4: (a) Non-thermal fabrication regime using low repetition rate and (b) thermal
fabrication regime using high repetition regime [135].
For high repetition rates from hundreds of kHz to several MHz regimes, the time
between laser pulses is less than the heat diffusion time in transparent material, resulting
in cumulative heating in the focal volume [139]. Thus, the material within the focal
volume will be locally melted and the melted volume increases in size, until the laser is
removed. After rapid cooling, the modified structure is formed with altered refractive
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index change. For a waveguide structure, the size of melted volume can be controlled by
the number of pulses N from laser exposure. Noted that N can be expressed by N 

dR
,
v

where d, R, and v are the spot size diameter (typically, 1/e2 of intensity), the repetition
rate of the laser and the scan speed of the translation stage, respectively. For cumulative
heating, the morphology of the structural change is dominated by the heating, melting,
and cooling dynamics of the material in and around the focal volume [5].

2.1.3

Propagation conditions

Linear propagation
It is well known that linear effect includes dispersion, diffraction and aberration
during the light propagate in a medium. Typically, due to the large beam size (~3 mm),
the intensity directly from the fs laser output port is not sufficient to achieve optical
breakdown (~1013 W/cm2) in transparent materials, as a fact, focused fs laser pulses are
needed to obtain a small focal spot (micrometer-sized) via an external lens, resulting in a
much higher laser intensity within the focal volume.
Before focusing inside the transparent materials, the spherical aberration and
nonlinear propagation effects (i.e., self-focusing, self-phase modulation and etc.) can be
ignored. The spatial intensity profile of a fs laser beam can be well represented by the
paraxial wave equation and Gaussian optics. The intensity distribution of a Gaussian
beam is:
2

 2r 2 
  
I (r , z )  I 0  0  exp   2

  ( z) 
  ( z) 
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(2.8)

where the radial distance from the optical axis is r  x 2  y 2 and z is the axial distance
from the beam waist, I0 = I(0,0) is the intensity at the center of the beam`s tightest focus.
The waist radius is

 ( z )  0

 z 
1  
 z0 

2

(2.9)

where ω0 denotes the diffraction-limited minimum waist radius for a collimated Gaussian
beam after focusing with lens characterized by NA and expressed by

0 

M 2
 NA

(2.10)

where M2 is the factor for non-perfect Gaussian beam (also indicating the beam quality)
[140], NA is the numerical aperture of the focusing microscope objective and λ is the
laser wavelength in free space. The Rayleigh range z0 inside a transparent material with
refractive index of n is given by:

z0 

M 2 n
 NA2

(2.11)

In our case, a Ti: sapphire fs laser with the bandwidth of ~10.7 nm was applied
for micromachining, such small value can reduce the effect of chromatic aberration
caused by dispersion. Of course, one can employ a chromatic aberration-corrected
microscope objective for the wavelength spectrum of interest, such as λ = 800 nm in our
case. For the issue of spherical aberration coming from spherical shape of lens, it can be
addressed by using multiple lenses (i.e., microscope objectives) or an aspherical focusing
lens.
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If the laser beam is focused inside the transparent materials, the light propagating
through the air-glass interface (flat) may introduce additional spherical aberration. Even
worse condition may happen with respect to optical fibers with curvature interface.
Therefore, a common way of addressing this issue is employing an oil immersion
microscope objective with the refractive index of matching oil equals to that of
transparent materials.

Nonlinear propagation
In addition to the linear propagation, nonlinear effects can also happen when the
laser intensity within the focal point inside the transparent materials is extremely high.
Typically, the propagation of light in a medium is governed by Maxwell`s equation:


t
D
  
J
t
 Dq
  

(2.12)

 0
where q is the free charge density, J is the current density vector, E and H are the electric
and magnetic field vectors, respectively, and D and B are the displacement vectors given
by

D   0E  P
B  0 H  M

(2.13)

where μ0 is the permeability of free space. P and M are the laser induced electric and
magnetic polarizations, respectively. In our cases (i.e., fused silica and sapphire), M = 0,
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indicating nonmagnetic dielectrics. J and q are also equal to 0 when the light is
propagating in a dielectric. So the wave equation can be derived from Eqs (2.12) and
(2.13):

   E 
where c  1

1 2
2
E



P
0
c 2 t 2
t 2

(2.14)

0 0 is the speed of light in vacuum.

When light propagates through a dielectric material, it induces microscopic
displacement of the bound charges, forming oscillating electric dipoles that add up to the
macroscopic polarization which for glass with inversion symmetry is given by:
3
2

P   0  (1) E  P NL   0   (1)   (3) E  E
4



(2.15)

where χ(i) is the i-th order susceptibility, with P(2) and P(n), where n ≥ 3 left out of Eq.
(2.15) due to even-order symmetry and negligible contribution when laser intensity is not
extremely high. The refractive index can be identified from Eq. (2.15) as [141]:

3
2
n  1   (1)   (3) E  n0  n2 I
4

(2.16)

1
2
where n0  1   (1) , n2  3 (3) 4 0cn02 and I   0cn0 E are the linear refractive index,
2

nonlinear refractive index and the laser intensity. A nonzero nonlinear refractive index n2
(optical Kerr effect) gives rise to many nonlinear optical effects as an intense fs laser
pulse propagates through transparent materials.
The Kerr nonlinearity χ(3) results in an intensity-dependent refractive index
change that follows the spatial intensity profile (i.e., Gaussian) of the laser. A Gaussian
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intensity profile results in the evolution of a positive or negative lens, depending on the
sign of the nonlinear refractive index n2. In the fs laser direct writing regime, n2 is a
positive value for most transparent materials. If the laser intensity is high enough, term
n2I in Eq. (2.16) plays a significant role to the refractive index n of the material, leading
to focusing the light as passing through a positive lens. The phenomena is also called
self-focusing nonlinear effect. The strength of self-focusing depends only on the peak
power of the laser and the critical power for self-focusing can be expressed by [142-143]:

3.77 2
Pcr 
8 n0 n2

(2.17)

Obviously, if the peak power (P) of the fs laser pulse exceeds Pcr, the collapse of
the pulse to a focal point is predicted. In addition, the initial point of self-focusing occurs
at [142]:

Zf 

2n0 0
1
0.61   P Pcr 1/2

(2.18)

Nevertheless, due to the free electron plasma formation at the focal point, such
laser induced plasma also has a defocusing effect for fs laser pulse propagation and can
modify the real part of the refractive index as [142]:
n  n0 

n(t )
n0 nc (t )

(2.19)

where nc(t) is the characteristic plasma density for which the plasma frequency equals to
the laser frequency, obtained from Eq. (2.5). The plasma-modified refractive index (Eq.
(2.18)) acts as a diverging lens to the laser beam and counters the Kerr lens self-focusing
(Eq. (2.14)). Such mechanism will always balance self-focusing and prevent pulse
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collapse inside transparent materials [144], as shown in Fig. 2.5. In our cases, selffocusing is usually avoided in micromachining by tightly focusing the laser beam with an
appropriate microscope objective to reach the intensity for optical breakdown (~1013
W/cm2) without exceeding critical power for self focusing. Typically, in fused silica, the
critical power is ~1.8 MW for the laser wavelength λ = 800 nm, n0 = 1.45 and n2 = 3.5×
10-20 m2/W [145].

Fig. 2.5: Schematic representation of the focusing-defocusing cycles undergone by the
intense center of a laser beam [144].

Other nonlinear effects may also happen during the high power laser irradiation
process inside the transparent materials, such as self-phase modulation [103],
supercontinuum generation [146], and etc. Considering the maximum pulse energy we
used in this thesis work is less than 0.5 μJ with respective to microscope objective with
NA of 0.4, such additional nonlinear effects can be ignored.
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CHAPTER THREE
LASER PROCESSING EXPERIMENT
3.1 Femtosecond laser system

For the work described in this thesis, a home-integrated fs laser micromachining
system was utilized. The full laser system consists of a diode-pumped solid state laser
with high power CW output at 532 nm (Verdi V18, Coherent Inc.), a Ti: sapphire modelocked laser (Mira 900, Coherent Inc.) and a Ti: sapphire regenerative amplifier laser
(RegA 9000, Coherent Inc.). The key specifications of this laser system are summarized
in Table 3.1.
Table 3.1. Femtosecond laser system specifications
SPECIFICATIONS*
Model No.

Mira 900 (Oscillator)

RegA 9000(Amplifier)

Pump Power

8W

10 W

Pulse Duration

200 fs

200 fs

Pulse Energy

2 μJ

2 μJ

Wavelength Range

700-980 nm

400-1000 nm

Average Power

1W

500 mW

Repetition rate

76 MHz

10 kHz to 300 kHz

Beam Diameter

0.8 ±0.1

3 mm

Beam Divergence

1.7 ±0.2 mrad

3 mrad

*Provided by the manufacturer
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The main technique used to mode-lock the Mira 900 laser is referred to as Kerr
Lens Mode-locking (KLM). The optical cavity is specifically designed to utilize changes
in the spatial profile of the beam, i.e. self-focusing due to the nonlinear optical Kerr effect,
generated in the Ti: sapphire crystal. Occurring in the gain medium itself, this mechanism
results in higher round trip gain in the mode-locked (high peak power) versus continuous
wave (CW) (low peak power) operation due to an increased overlap between the pumped
gain profile and the circulating cavity mode. The schematic of Mira 900 can be shown in
Fig. 3.1. Obviously, an aperture (slit) is placed at a position within the cavity at a location
where the mode-locked beam diameter is smaller to produce lower round trip loss in
mode-locked versus CW operation. A pair of intracavity prisms is used for Group
velocity dispersion (GVD) compensation and produces ultrashort pulse duration of less
than 200 fs.

Fig. 3.1. Optical schematic of Mira 900.
Ultrafast pulses with a spectral bandwidth greater than 10 nm full-width at half
maximum (FWHM) from the Mira oscillator are amplified in the RegA Head. The optical
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schematic of the RegA9000 is shown in Fig.3.2. The Mira oscillator beam is directed into
the RegA head with two mirrors shielded with dust covers and beam tubes. The input
beam from the Mira passes through a Faraday Isolator and a single pulse is injected into
the RegA by a TeO2 acousto-optic Cavity Dumper. Amplification over 20 to 30 round
trips allows the GVD in the TeO2 Q-switch in the RegA to expand this pulse from 200 fs
to 30 ps length. The Cavity Dumper then extracts a single pulse of several μJ energy and
this returns through the Faraday Isolator and is separated from the input beam path by a
polarizer. For the repetition rate at 250 kHz, if the output energy is 4 μJ, the average
power is about 1.0 W.

Fig. 3.2. Optical schematic of RegA 9000.
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3.2 Development of laser micromachining system
The schematic of the home-integrated fs laser micromachining system with direct
writing capability is shown in Fig. 3.3. The ultrafast laser system mentioned above was
used for transparent materials processing. The central wavelength, pulse width, and
repetition rate of the fs laser set at 800 nm, 200 fs, and 250 KHz, respectively. The
maximum output power of the fs laser is 1 W.
A half waveplate in combination with a Glan-Thompson Calcite polarizer is used
to precisely control the actual power used for fabrication, while an optional variable
neutral density (ND) filter is used to tune the laser power more precisely. The laser
exposure is switched on or off by an external mechanical shutter (SH05, Thorlabs) or
electrically gating the internal clock via laser controller. In general case, the laser beam is
passed through a commercial microscope objective to create a tightly focused spot. The
actual laser energy used for processing silica glass and single crystal sapphire is
approximately 0.4 ~ 0.5 μJ per pulse, respectively. For special purposes, other types of
optical elements can be applied, such as a cylindrical lens for line scanning [147], phase
mask for grating inscription [148], or an axicon lens for shaping the beam from Gaussian
to Bessel for high-aspect-ratio drilling application [149].
Substrates or optical fiber samples are mounted on a computer-controlled threeaxis translation stage (PM500 series, Newport, Inc.) with a resolution of 0.1 μm.
According to different fabrication cases, fiber mounting methods and illumination
choices vary subsequently, so are the velocities of the translation stage. Details can be
found in the following chapters. In our case, the fs laser beam is directly focused on the
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fiber surface (ablation) through an objective lens (20X) with a NA of 0.4 or focused
inside the fiber sample (irradiation) using a water immersion lens (20X) with a NA of 0.4
or an oil immersion lens (100X) with a NA of 1.3. The diameter of the focused beam is
varied from 0.5 μm to 1 μm with respect to different microscope objectives. A dichroic
mirror and a charge-coupled device (CCD) camera connected to the computer are
involved to in-situ monitor the fabrication process. Front-side and backward illumination
methods can be used for different fabrication purposes. For example, both methods are
suitable for transparent materials ablation/irradiation, while for the non-transparent
materials (i.e., silicon), only front-side method is acceptable.
Z

l/2
Wave Plate

ND Filter

Dichroic
mirror

Dichroic mirror

Fs laser
Wavelength : 800 nm
Pulse Width : 200 fs
Repetition Rate: 250 kHz

Monitor

Lamp

Y
Shutter

CCD

Monitor

CCD

Polarizer

Objective lens
(20X Water
Immersion)

Objective lens (20X)

SMF

Water Tank

Fiber sample

Three-axis Stage
Computer

Driver

Three-axis Stage

Ablation

Irradiation

Lamp

Fig.3.3. Schematic diagram of the fs laser micromachining system.
During the laser processing of transparent materials, exposure conditions such as
pulse energy [150], repetition rate [151], scanning speed [152], beam shape condition
[153] (spatio/temporal beam profile), and polarization state [110] have significant
impacts on the micro-machined structures. For example, the polarization state of the laser
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beam can be well controlled using the combination of a half waveplate and a polarizer,
which is useful for nanostructures formation [154-155]. Although such existing
schematic is only used for low throughput application, compared with parallel processing
via microlens array [156] or spatial light modulator (SLM) [157], it is still suitable for
most of research levels under laboratory conditions. Details of fs laser system and beam
delivery path can be found in Fig.3.4.
To upper
stage

RegA

Mira

Verdi V18

Shutter

Half waveplate

Dichroic
mirror

Polarizer

Microscope
Objective

Illumination

Fig.3.4. Fs laser system and beam delivery path.
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The movement of the three-axis translation stage can be well controlled through a
home developed graphical user interface (GUI) software based on MatLab. GPIB-USB
connection method is adopted for the communication between the stage controller and a
desktop. Multi-functional operations (i.e., stage control and machining functions) are
involved within this software, showing great capabilities for complex structure
micromachining. Details of the interfaces of this proposed software are shown in Fig. 3.5
(a)-(e).

(a)

(b)
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(c)

(d)

(e)
Fig.3.5 Interfaces of the developed software. (a) Main GUI, (b) drawing points, (c)
inscribing lines, (d) fabricating cuboids, and (e) realizing customized image.
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Since we are mainly focusing on laser direct writing in optical fibers, two
standard writing geometries can be applied for different purposes, including longitudinal
mode and transverse mode, as shown in Fig. 3.6.
Transverse

Longitudinal

Fig.3.6. Laser direct writing geometries in optical fibers. (a) Longitudinal mode
and (b) transverse mode.
In longitudinal writing mode, the optical fiber is horizontally placed on a multiaxis translation stage, moving vertically either toward or away from the incident laser.
Due to the transverse symmetry Gaussian intensity of the laser beam, the modifying
structures have cylindrical symmetry. However, such configuration is highly depending
on the working distance of the focusing lens, resulting in a short length of modifying
structures.
In most cases, people employ transverse mode for waveguide direct writing [158],
in which the writing direction is perpendicular to the laser propagation direction. The
working distance is no longer an issue for this configuration and 3D optical circuits can
be realized using this method. However, the cross-section of modifying structure is
asymmetric (elliptical) due to the ratio between the focal depth (2z0) and spot size (2ω0),
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which is related to the following relationship 2z0/2ω0 = n/NA. To overcome this issue,
several beam shaping methods are adopted, such as adding slit [159], using cylindrical
lens for circularizing the beam [160], or adjusting spatiotemporal focusing condition
[161]. In addition, using high NA objective lens is also helpful, such as oil immersion
lens [162].
The spot size of the focal point inside the transparent materials plays a significant
role for high accuracy, high precision 3D structure micromachining using fs laser.
Typically, the radius r of the spot size can be roughly calculated by [113]:
r

0.61 
NA n

(3.1)

Here, λ is the wavelength of incident laser and λ/n means the effective wavelength when
the laser is focused inside media of index n. As such, the focal spot inside material is
smaller by factor n than that in air (nair =1). Obviously, once the wavelength of the laser
and the refractive index of the material are fixed, r is only depends on the NA of
microscope objective. The larger the NA is, the smaller the spot size will be. In general,
low NA (< 0.1) microscope objective is used for large area surface modification. Lenses
with NAs from 0.1 to 0.5 can induce a confined permanent modification inside a
transparent material or ablate the surface of materials with high precision. The immersion
lenses (water immersion or oil immersion) usually have even larger NAs (NA > 0.9). The
immersion optics not only tightly focused the laser beam but also compensates refractive
index mismatch at the surface of the sample. As a result, material can be modified with a
tightly focused fs laser pulses even at the nJ energy level [163-164].
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For different fabrication purposes, 4 types of microscope objectives are chosen in
this thesis work. The pros and cons of each microscope objective are discussed, as shown
in Table 3.2.
Table 3.2. The pros and cons of each microscope objective
Microscope objective

Pros

Cons

-

Small NA (0.4)

-

-

Suitable for laser ablation

irradiation inside optical

with high precision

fibers

Not suitable for laser

20X
(Zeiss EC Epiplan)

-

Less spherical aberration

-

Suitable for laser induced

-

Filament issue when used

20X water immersion
at high power;

(Olympus)
weak reflector/stresses

-

Large spot size

-

Small laser spot size

-

Limited working distance

-

Laser induced water

-

Spherical aberration

60X water immersion
(Olympus)
breakdown
-

Small laser spot (~0.5 μm)

-

Limited working distance

-

No spherical aberration

-

Complicated operation

-

High precision

100X oil immersion
(Olympus)

3.3 Preliminary results
With the help of this powerful tool, a lot of fancy and complex structures can be
realized in our lab. Examples include Photonics Technology Lab (PTL) logos displayed
on the surface and inside the silica glass (Fig.3.7), helical shape formation inside a silica
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fiber (Fig.3.8), line-by-line grating inscription inside a sapphire fiber (Fig.3.9), microcantilever ablated on the tip of a silica fiber (Fig.3.10), and micro-ring resonator formed
inside a silica fiber assisted by laser irradiation and chemical etching (Fig.3.11).

(c)

(b)

(a)

20 μm

20 μm

Fig.3.7. The logos of Photonics Technology Lab. (a) Original file, (b) ablated on
the surface of silica glass, and (c) irradiated inside the silica glass.

Λ = 20 μm

D = 40 μm

30 μm

Fig.3.8. Helical structure in a silica fiber. Pitch Λ = 20 μm and diameter D = 40 μm.

20 μm

Fig.3.9. Line-by-line gratings inscription inside a sapphire fiber.
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Fig.3.10. Micro-cantilever structure ablated on the tip of silica fiber.

30 μm
Fig.3.11. Micro-ring resonator structure formed inside a silica fiber via chemical
assisted fs laser irradiation.
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CHAPTER FOUR
APPLICATIONS OF LASER DIRECT ABLATION/IRRADIATION
This section is mainly focusing on design, modeling, and demonstration of
advanced, assembly free fiber optic sensors (probes) fabricated by fs laser direct
ablation/irradiation

technique.

Examples

include

the

fiber

inline

Michelson

interferometer, the fiber inline Fabry-Perot interferometers and nanostructured
silica/sapphire fiber optic surface enhanced Raman scattering (SERS) probes. In addition,
several representative measurement results (i.e., high temperature sensing, high pressure
testing, dual parameters evaluation, and molecule identification) of the fs laser fabricated
sensors are described in this chapter.
4.1 Advanced sensors used in harsh environments
4.1.1

Introduction-Review

In the past, a number of technologies have been researched and developed for
harsh environment sensing (i.e., advanced energy systems mentioned in Case 1). Here we
summarize the existing sensors for temperature and pressure sensing and review the
current state-of-the-art technologies.
4.1.1.1 Existing sensors used in advanced energy systems
Temperature sensors: Currently, resistance temperature detectors (RTDs) and
thermocouples are among the most commonly used temperature sensors for
measurements of flame temperatures, liquid entering and exiting heaters, fuel
temperatures, and turbine heat. Specially designed RTDs an on-line calibration
mechanism can maintain 1 percent accuracy at 1100 ℃ [165]. Thermocouples have been
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used for measurement of temperatures above 2000℃ with cooling [166]. However,
packaging of the sensor components such as the resistance wire, insulators, sheath, and
end seals is always a challenge for achieving and maintaining desired electrical properties.
At high temperatures, the large thermal and mechanical stresses often cause mechanical
failures to these temperature sensors due to mismatch in CTE of dissimilar materials. In
addition, the metal/alloy wires in a thermocouple and the metal lead/joint in a RTD
cannot withstand a corrosive environment [166-167]. As a result, RTDs and
thermocouples have limited lifetime, poor reliability, and high maintenance cost.
Pressure sensors: Power plant operators currently rely on pressure switches and
either nonfluid-filled or fluid-filled pressure transmitters to measure pressure drop, for
example, of feed-water sent to boilers or steam sent to turbines. These instruments lose
their accuracy over time and must be recalibrated frequently due to the adverse operating
environment [168]. The drift of these pressure transmitters can increase heat rates,
decrease turbine efficiency, and lower plant safety. In addition, such drift is difficult to
detect during steady-state operation, when the transmitter appears to function normally.
Dynamic pressures can be measured by pressure transducers, which typically utilize
strain-gauge technology in their construction, and cannot endure the extreme
temperatures at the combustor. Piezoelectric crystal (i.e., quartz) devices have also been
used for measurement of dynamic gas pressure in gas turbines at high temperatures
(~700℃) [169-171]. However, the maximum operating temperature of piezoelectric
pressure sensors are limited. In addition, they suffer from electromagnetic interference
(EMI) and a large temperature cross-sensitivity.
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4.1.1.2 Review of the state-of-the-art technologies
MEMS sensors: Microelectromechanical systems (MEMS) technology has been
investigated for fabrication of miniaturized sensors to measure temperature, pressure,
strain and accelerations. These MEMS devices were manufactured using standard IC
processing along with orientation dependent (or anisotropic) etching and wafer bonding
[172-175]. Optically interrogated MEMS devices are expected to be more suitable than
electrically interrogated MEMS devices for harsh environment applications [172-173].
MEMS-based sensors have the advantages of small size, high sensitivity, low cost,
potential of large production, and batch fabrication process for a large production yield.
However, a major problem associated with most MEMS sensors is its inherent cross
sensitivity to temperature. For example, the influence of temperature on a piezoresistive
MEMS pressure sensor can cause a drift of about 100 Pa per day, which makes them
deficient for long-term measurement [174]. The packing is always a challenge for MEMS
sensors. As a result, MEMS sensors are limited for applications in temperatures below
600℃ [175].
High temperature electronic sensors: Specially designed electronic sensors and
circuits have been investigated for high temperature applications. Many of the research
efforts have focused on the silicon-on-insulator (SOI) technology. Representative
examples include thin or thick film SOI devices for temperature measurement [176],
piezoresistive SOI sensors for stress/strain measurement [177], and surface acoustic wave
(SAW) SOI sensors for pressure measurement [178]. These sensors had shown high
resolution for applications in high temperatures up to 700℃. Sensors have also been
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developed using silicon carbide (SiC) and silicon nitride (SiN) substrates which can
operate at temperatures as high as 800℃ [179]. However, these electronic devices are
inherently sensitive to EMI, which renders relatively low accuracy in measurement. In
addition, the strong temperature dependence (thus large temperature cross-sensitivity) has
also made it difficult to develop sensors for measurement of parameters other than
temperature.
Silica optical fiber sensors: Optical fiber sensors are very attractive for
applications in harsh environment due to their proven advantages of small size,
lightweight, immunity to EMI, resistance to chemical corrosion, high sensitivity, large
bandwidth, and remote operation capability [180-181]. Among the many types of fiber
sensors, FBGs and LPFGs are the most extensively investigated. Fiber grating sensors
have the advantages of immunity to the optical power loss variation of the optical
network and the capability of multiplexing many sensors to share the same signal
processing unit [182-185]. Various methods have been explored for fabrication of these
gratings, including direct laser writing, ion-implantation and arc fusion. Some of them
have shown high temperature capabilities up to 1200°C [186]. However, their long-term
reliability has been a concern due to the degradation of optical properties and mechanical
strength when the grating is exposed to high temperature and high pressure environments.
Moreover, fiber grating sensors exhibit relatively large cross-dependence of temperature
which limits their scale of applications in harsh environments.
Hermetically packaged extrinsic fiber Fabry-Perot interferometers (EFPI) have
also been successfully applied to harsh environment applications [187-190]. The laser
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fusion or electric arc sealed cavity was successfully tested for measurement of
temperature (up to 800℃) and pressure (up to 10,000 psi). Micromachined single crystal
silicon carbide Fabry-Perot interferometer temperature and pressure sensors have also
been demonstrated for high temperature applications [191-192]. However, fabrications
of these EFPI sensors involve complicated procedures of assembling multiple
components together, which compromise the robustness of the device due to the limited
strength of the joints. The mismatch of the CTE of the various parts can also seriously
lower the thermal stability of the device.
Sapphire fiber based sensors: The long-term operating temperature of standard
telecommunication fiber-based sensors is limited by the annealing point (1120℃) of
fused silica glass. To further increase the operating temperatures, researchers turned to
single crystal sapphire fibers with a high melting point of about 2053℃, low optical loss
in a large spectrum window, superior mechanical strength, and excellent resistance to
chemical corrosion. Up to date, a number of sapphire fiber sensors have been
demonstrated by various research groups. Examples include: 1) sapphire rod blackbody
radiation-based temperature sensors [193], 2) sapphire fiber temperature sensors based on
birefringence-balanced polarimetry [194], 3) EFPI sensors made by bonding sapphire
fibers on a ceramic substrate for measurement of temperature, strain, and pressure, [195196] and 4) intrinsic Fabry-Perot interferometric (IFPI) sensors by attaching a sapphire
fiber to a sapphire plate for temperature measurement [197]. Although these sensors have
been demonstrated for high temperature (>1000℃) applications in laboratory and field
tests, their long term stability is a concern due to the use of ceramic epoxies in device
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fabrication. More recently, a sapphire fiber grating based temperature sensor was
demonstrated [65, 198]. However, the grating has a very weak strength due to the highly
multimode nature of a non-cladded sapphire fiber, resulting in poor measurement
accuracy.
Another major issue related to sapphire fiber based high temperature sensor stems
from its uncladded nature. Single crystal sapphire fibers cannot be grown as a core-clad
structure from source rod-in-tube because convective currents in the molten zone quickly
destroy the geometrical structure of the source rod [199-200]. Uncladded sapphire fibers
suffer from a number of undesirable characteristics such as unpredictable loss and highly
multimode operation. The unpredictable loss during applications may impose a large
error to the measurement results. The highly multimode nature makes it difficult to obtain
high quality sensor signal in conventional assembly based sensor constructions,
especially when optical interference is used as the sensing principle.
Based on the above reviews, it is clear that, in spite of the large amount of
progress made in the past related to high temperature /high pressure harsh environment
sensing, there still exist technical challenges and issues that are missing appropriate
solutions and the current state-of-art technologies do not provide satisfactory solutions. In
most cases, sensors are manufactured through assembling a number of components,
indicating less mechanically stable (CTE mismatch) at higher temperatures. As such,
assembly-free sensors are extremely needed to deal with this issue and advanced
manufacturing methods need to be developed to improve the robustness of the sensors.
Possible solutions will be discussed in the following subsections.
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4.1.2

Example 1: Fiber inline Michelson interferometer
4.1.2.1 Introduction

In recent years, assembly-free all-glass optical fiber micro sensors have attracted
many research interests. These assembly-free devices are commonly made by fabricating
an optical structure directly on an optical fiber without assembling discrete components
together. In addition to the well-known advantages, assembly-free, all-glass fiber sensors
have the robustness to survive and operate in high-temperature, harsh environments [187].
The mostly-known assembly-free fiber devices are fiber gratings, as mentioned in
the previous review. However, their long-term reliability has been a concern due to the
degradation of optical properties and mechanical strength when the grating is exposed to
high temperature and high pressure environments. Moreover, fiber grating sensors exhibit
relatively large cross-dependence of temperature which limits their scale of applications
in harsh environments.
In addition to fiber gratings, various assembly-free micro fiber interferometers
have been reported by fabricating solid microstructures directly on the optical fiber [8181, 88, 92]. For example, fiber inline FP and MZ interferometers have been fabricated
using an advanced powerful tool - fs laser pulses and demonstrated for high-temperature
harsh environment sensing applications. These micro inline devices do not need to
assemble pieces together. As a result, the robustness of the device is significantly
improved due to the elimination of bonding various components made of different
materials with different CTE.
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However, the reported fiber inline FP and MZ interferometers are made by cutting
a groove into the fiber or drilling a hole through the fiber. As such, the mechanical
strength of the device has been significantly weakened. Another issue associated with the
FP and MZ interferometers is that the devices have an extra piece of fiber after the cavity.
As a result, bending of this extra piece could induce a large and unpredictable change in
the optical path difference (OPD) of the FP and MZ interferometers, producing a large
error when they are used as a temperature sensor. In addition, the MZ interferometer
works in the transmission mode, which makes it difficult to install the sensor in a harsh
environment because the sensor has to be sealed at both ends.
In this section, we propose a new fiber inline Michelson interferometer micro
device, fabricated by fs laser ablation technique. The new device can work as a
temperature sensor with the unique advantages of robustness, operating in the reflection
mode and insensitivity to bending. As a result, the fiber inline Michelson interferometer
is expected to provide a good solution for measurement of high temperatures.
4.1.2.2 Operation principle
Figure 4.1 illustrates the schematic of the optical fiber inline Michelson
interferometer. The device is made by cutting a step structure into the optical fiber at its
tip, where the step stops at the center of the fiber core. The light propagating inside the
fiber core can be split into two paths which are reflected at two different endfaces. One is
at the endface of the cut-in step and the other is at the endface of the optical fiber. The
two reflections, which denoted as I1 and I2, respectively, superimpose in the fiber core to
generate an interference pattern just like a typical Michelson interferometer.
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Fig. 4.1. Schematic of the step-structured fiber inline Michelson interferometer.

The Michelson interferometer can be modeled using the following two-beam
optical interference equation [201]
 2 OPD

I  I1  I 2 +2 I1I 2 cos 
+0 




(4.1)

where I is the intensity of the interference signal, 0 is the initial phase of the interference
(normally equal to zero), and  is the optical wavelength in vacuum. The round-trip OPD
of the Michelson interferometer is given by:

OPD  2ncore L

(4.2)

where ncore is the refractive index of the fiber core and L is the length of the step structure;
At the valleys of the interferogram in spectrum domain, the phase difference of
the two reflected light beams satisfies the condition of coherently destructive interference,
4 ncore L

m

 0  (2m  1)

(4.3)

where m is an integer; m is the wavelength of the mth order interference valley. For two
adjacent wavelength minima, the following condition is obtained:
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4 ncore L

1



4 ncore L

2

 (2m  1)  [2(m  1)  1]  2

(4.4)

The distance between two adjacent minima of the spectrum, defined as free spectrum
range (FSR) can then be expressed as,

FSR 

2
2ncore L

(4.5)

4.1.2.3 Sensing mechanism
Temperature sensing: When the Michelson interferometer is subjected to
temperature variation, both the refractive index (RI) of the core (ncore) and the cavity
length (L) will change due to the thermo-optic effect and the thermal expansion of the
fiber, respectively. The change in OPD of the interferometer can be expressed as a
function of temperature change (T) as follows:

OPD  OPD(TO   CTE )T

(4.6)

where αTO and αCTE are the thermo-optics coefficient and thermal expansion coefficient of
αTO = 8.3×10-6 °C-1 and αCTE = 0.55×10-6 °C-1, respectively [202]. Based on the Eqs. (4.1)
and (4.2), the spectral shift of the interferogram as a function of temperature can be
expressed as:

  0 ( TO   CTE )T

(4.7)

where λ0 is the characteristic spectral position (i.e., the minimum or maximum) in the
interferogram and Δλ0 is the wavelength shift at λ0. The temperature sensitivity (ST =
Δλ/ΔT) of the device mainly results from the thermo-optic effect of the device.
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Refractive index sensing: When the Michelson interferometer is placed in a
solution with RI changing conditions, the RI of the core (ncore), which can be denoted as
effective index neff , will be changed as well. For a constant cavity length L and negligible
temperature influence, the expression of RI sensitivity SRI can be derived from Eq. (4.3)
as,

S RI 

d m
4 L dneff

dn 2m  1 dn

(4.8)

where n is the RI of solution.

4.1.2.4 Sensor fabrication
Figure 4.2 shows the updated block diagram of the fs laser ablation system used
for fabrication of the fiber Michelson interferometer. The actual laser energy used for fast
ablation process was approximately 0.4 μJ per pulse. A standard telecommunication
single mode optical fiber (Corning, SMF-28e) was used in all experiments. The fiber was
cleaned and mounted on a high-precision computer-controlled three-axial translation
stage (Newport, Inc.) with a resolution of 0.1 μm. The fs laser beam was focused onto the
optical fiber through an objective lens (Zeiss EC Epiplan, 20X) with a NA of 0.4. The
spot size of the focused beam was about 1 μm in air. Front-side illumination method
(Lamp) was adopted in this case. A nitrogen flow was applied to blow away the tiny
debris generated during the ablation process. An online monitoring system was used to
monitor the performance of the device during the micromachining process. The
monitoring system consists of an Erbium-doped fiber amplified spontaneous emission
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broadband light source, a fiber circulator, and an optical spectrum analyzer (OSA,
AQ6319), as shown in Fig. 4.2.

Fig. 4.2. Updated block diagram of the fs laser ablation system used for fabrication of the
fiber inline Michelson interferometer.

To obtain a high-quality interference signal, the step structure needs to have its
wall perpendicular to the fiber axis. In addition, the depth cutting into the core needs to
be controlled precisely. However, the focused fs laser beam has a cone shape due to the
large NA of the objective lens. As a result, it is difficult to fabricate a deep structure with
its wall perpendicular to the fiber axis. We adopted a two-step structure as shown in Fig.
4.1. An initial step is fabricated with a length of L1 that is longer than the final
interferometer length of L. The initial step has a depth of H1 which is barely touching the
fiber core so that the light propagating inside the fiber core is not disturbed, as
determined by observing the reflection spectrum.
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(c)

(d)

60 μm

60 μm

Fig. 4.3. SEM images of the fabricated fiber inline Michelson interferometer.
(a) Top view and (b) endface view. Microscopic images of the fabricated fiber
inline Michelson interferometer. (c) Top view and (d) side view.

Upon completion of the initial step, a second step-structure is fabricated by
cutting a shallow step with a length of L and a depth of H. The laser pulse was reduced to
~0.2 μJ for finely ablating the structure. In addition, the layer-by-layer ablating process
was controlled with a step size of 0.5 μm. The fabrication was stopped after an
interference pattern with a large fringe visibility was observed. Figs. 4.3 (a) and (b) show
the SEM images of the fiber inline Michelson interferometer. Figs. 4.3 (c) and (d) show
the microscopic images of the fabricated fiber inline Michelson interferometer in top
view and side view. The initial step has a length L1 = 100 μm, and the interferometer has
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a length L = 55 μm. The initial and final steps have depths of H1 = 57.5 μm and H = 5 μm,
respectively. Obviously, the step structure was just stop at the center of the fiber core,
indicating a high precision fabrication using this fs laser ablation system.

4.1.2.5 Interferogram of Michelson interferometer

Fig. 4.4. Reflection spectrum of the fiber inline Michelson interferometer.

As shown in Fig. 4.4, the reflection spectrum of the fabricated structure shows a
clean interference pattern with a large fringe visibility of about 18 dB, which is adequate
for most sensing applications. The length of the interferometer can be calculated based on
the spectral positions (v1 and v2 as illustrated in Fig. 4.4) of two adjacent minima of the
interferogram using the following equation

L

1  v1v 2 


2ncore  v 2  v1 
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(4.9)

Using Eq. (3) and the interference spectrum shown in Fig. 4, we calculated that
the step structure length L was 54.993 μm, which was very close to the length estimated
by SEM imaging and microscopic imaging.

4.1.2.6 Sensing capabilities of Michelson interferometer

Fig. 4.5. Temperature-induced wavelength shifts of the fiber inline Michelson
interferometer.

To demonstrate the feasibility as a high temperature sensor, the fabricated device
was placed in an electric furnace and the inference spectrum was monitored as the
temperature varied programmatically from 50 to 1000°C at a step of 50°C. At each step,
ten minutes waiting time was programmed to stabilize the temperature. The device was
illuminated using a broadband light source and the interference spectra were recorded by
an OSA. As the temperature increased, the interferogram was found shifting towards the
long wavelength region. The wavelength shift as a function of temperature change was
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plotted in Fig. 4.5. The temperature sensitivity of this particular Michelson interferometer
device was estimated to be 14.72 pm/ °C in terms of wavelength shift versus temperature.
According to the Eq. (4.7), at the interference valley of 1561.25 nm shown in Fig.
4.4, the temperature sensitivity of the Michelson interferometer is calculated to be 13.82
pm/°C, which is very close to the temperature sensitivity estimated from the fitted line in
Fig. 4.5. This indicates that there was no bending contribution to temperature
measurement from the device.

Fig. 4.6. Wavelength shift as a function of concentration of ethanol in the fiber
inline Michelson interferometer.

The fiber inline Michelson Interferometer fiber optic sensor was also evaluated
for its capability for RI measurement at room temperature. Various concentrations of
ethanol solution were used for the test. During the tests, the device was fixed on a glass
plate to avoid contamination to the sensing area. Then we immersed the glass plate into
different liquids and recoded the interference fringes for each test. The device was
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carefully cleaned by subsequent acetone and water ultrasonic baths and air dried between
tests in different liquids to avoid any liquid residue from previous test.

To show the RI sensing capability of fiber inline Michelson interferometer, the
response of the interference valley at the wavelength of 1546.30 nm in different
concentrations of ethanol solutions were measured. Fig. 4.6 shows the wavelength shift
as a function of the solution concentration for the fiber inline Michelson interferometer.
The wavelength shift of the fiber inline Michelson interferometer increased rapidly when
the concentration of ethanol solution was low and became slow at higher concentrations.
The nonlinear relationship between the wavelength shift and the concentration agrees
qualitatively with the Langmuir adsorption model [203]. However, the sensitivity of this
fiber inline Michelson interferometer is relative low due to its different sensing scheme.
Based on the Eq. (4.8), it is obvious that the intrinsic sensitivity (without metal coating
process) is dependent on neff which varies with the external RI. Considering the
fundamental core mode, the mode energy profile at short wavelength would be mainly
concentrated in the core, which leads that neff of the mode has only small sensitivity to the
external RI variation. Thus, such low sensitivity of sensing scheme may limit the
capability of fiber inline Michelson interferometer serving as a RI fiber optic sensor in
harsh environments.
4.1.2.7 Conclusion
In summary, a new reflection type fiber inline Michelson interferometer was
fabricated by fs laser micromachining. The assembly-free device had a high fringe
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visibility and responded to high temperatures close to theoretical predictions. The wellmatched experimental thermal sensitivity with that of theoretical analysis indicated that
the new sensor could effectively eliminate the bending influence when used for
temperature measurement. Although the intrinsic sensitivity for refractive index sensing
capability of the proposed device is relatively low, it is simple to fabricate, mechanically
robust, insensitive to external RI change and miniaturized in size, which makes it very
attractive for high temperature sensing probe in harsh environments.

4.1.3

Example 2: Fiber inline Fabry-Perot interferometric pressure sensor
4.1.3.1 Introduction

In addition to the in-line fiber optic sensors for high temperature sensing in
advanced energy systems, miniaturized fiber optic pressure sensors have been proposed
in the past few years [204-205]. Pressure monitoring in many cases is required to operate
at temperatures higher than 500°C. As such, the sensors need to survive at high
temperatures with a low-temperature cross sensitivity. In addition, aqueous environments
may be involved during the pressure measurement, where the types and concentrations of
the liquids may vary dramatically. Therefore, a good pressure sensor is also required to
be insensitive to the changes in ambient media.
Diaphragm-based fiber optic EFPIs are among the popular choices for pressure
measurement due to their advantages of miniaturized size, high sensitivity, and fast
response. A typical diaphragm-based EFPI has a sealed cavity in which a cleaved optical
fiber is brought in close proximity to a thin diaphragm. The optical reflections from the
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fiber endface and the diaphragm form a typical interference pattern that can be used to
calculate the distance between the fiber and the diaphragm. When the ambient pressure
changes, the diaphragm deforms its shape and, consequently, generates a change in the
interference signal that can be correlated with the pressure change.

4.1.3.2 Review of existing diaphragm-based EFPIs
Early implementations of diaphragm-based EFPIs involved manually assembling
and bonding a large-size diaphragm to an external cavity that was attached to an optical
fiber [206-207]. Later, the EFPI cavity was created directly on the optical fiber to reduce
the sensor size. Direct creation of EFPI cavity with micro-size on an optical fiber has
been achieved by various methods, including laser micromachining [208], selective
etching of the fiber core [209], and photolithography patterning [210]. Attachment of the
diaphragm to seal the cavity has been explored using different methods such as epoxy
bonding [211], polymer dip-coating [212], thermal fusion and cleaving [213],
electroplating of a metal film [214], and chemical vapor deposition of grapheme [215],
etc. Polymer diaphragms and epoxy bonding could not stand at high temperatures. And
the dynamic ranges of polymer diaphragm sensors are relatively low due to its low
Young`s modulus. For example, a diaphragm made from elastic polyurethane with the
thickness of 0.75μm has a dynamic range of 0-40 kPa [212]. In addition, the long-term
reliability of the epoxy-bonded sensors was still a concern.
A fiber optic EFPI with an all-glass structure has been reported for pressure
sensing under high temperature environments (~600°C) [213]. With a radius of 37.5 μm
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and a diaphragm thickness of 5.85 μm, the sensor has a pressure limit of 68,950 kPa. The
sensor was made by fusion splicing a short section of silica glass capillary tube between
two silica optical fibers. The diaphragm was obtained by precisely cleaving one of the
two optical fibers. However, the diaphragm thickness was limited to about 6 μm due to
the controllability of cleaving process. As a result, the sensitivity of the proposed sensor
was limited. Another issue associated with directly using a cleaved fiber as the diaphragm
was that the interference signal was contributed by three reflections: one from the
endface of lead-in fiber and the other two from the inner and outer surfaces of the
diaphragm. The three-beam interference-induced multiplexed interference signals added
difficulty to signal demodulation. In addition, the reflectivity at the diaphragm`s outer
surface was subject to ambient RI changes. As such, the sensor readings could be
significantly influenced by the variation of surrounding media.

4.1.3.3 Possible solutions
In this subsection, we present a fs laser ablation method to fabricate thin
diaphragm-based EFPI for pressure measurement at high temperature conditions. Fs laser
is proven to be an efficient and powerful micromachining tool to fabricate many fiber
inline devices. In our previous work, we reported a fiber inline EFPI with an open trench
[81] and a fiber inline Michelson interferometer with a step structure [216] were ablated
by our own fs laser micromachining system. These devices have been shown useful for
RI measurement and temperature sensing. Using fs laser ablation, the cavity length of
EFPI can be controlled very short to further reduce cross-sensitivity to temperature.
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Obviously, the cavity length change of EFPI is a function of pressure and temperature
variations. The longer the cavity length, the larger the cavity length changes with
temperature. However, the cavity length change as a function of pressure is only
dependent on the diaphragm. Another advantage is the thickness of diaphragm can be
well controlled to meet specific requirements on pressure sensitivity and dynamic range.
Furthermore, the outer surface of diaphragm can be roughened to minimize the influence
of changes in the ambient media.

4.1.3.4 Sensing Principle and mechanism

Type 1

Capillary tube
SMF

nf

SMF

ncavity

I2

I1

Input

Diaphragm

I3

Cavity length LC LD

Type 2
Laser ablated cavity
SMF

Input

nf

SMF

ncavity

I2

I1’

I3
Diaphragm

Cavity length LC LD

Fig.4.7. Schematic of two types of diaphragm-based EFPI pressure sensor. Type 1:
capillary tube cavity and Type 2: laser ablated cavity.
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Figure 4.7 illustrates the schematics of two types of diaphragm-based FP pressure
sensor probes. The light propagates inside the single mode fiber (SMF) and reflects at the
two air/silica interfaces of the cavity and the endface of the fiber tip. The light intensities
of the reflected beams are denoted as I1, I2 and I3, respectively, superimpose to generate
an interference pattern when mixed at the detectors. In this hybrid structure, the threebeam interference signal is given by:

 4 ncavity LC 
I  I1  I 2 +2 I1 I 2 cos 




 4 n f LD 
+2 I 2 I 3 cos 

 

 4

 2 I1 I 3 cos 
(ncavity LC  n f LD ) 
 


(4.10)

where I is the intensity of the incident light, LC is the length of the cavity forming the
EFPI, LD is the thickness of the silica diaphragm, ncavity is the refractive index of the
medium filling the cavity (in this case the medium is air, ncavity = 1), nf is the refractive
index of the SMF, and  is the optical wavelength in vacuum.
When the reflectivities of the two endfaces are relatively low (i.e., ~4% from a
cleaved air/silica interface), the multiplex reflections within the cavity have negligible
contribution to the optical interference. In addition, for the laser ablated case, the
reflectivity is around ~0.1%, so the reflection of the outer surface of the diaphragm (I3)
can also be ignored. Under this circumstance, the low-finesse FP interferometer can also
be modeled based on Eq. (4.10),
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 4 LC 
I  I1  I 2 +2 I1I 2 cos 

  

(4.11)

At the valleys of the interferogram in spectrum domain, the phase difference of
the two light beams satisfies the condition of destructive interference,
4 LC



 (2m  1)

(4.12)

Note that the cavity length LC can be calculated from two adjacent minima at λ1
and λ2 as,
LC 

12
2(2  1 )

(4.13)

Pressure sensing: When the diaphragm-based EFPI is subjected to pressure
variation, a classic model needs to be considered. Fig.4.8 shows a circular clamped at its
edges. The diaphragm will deflect under pressure P.

Fig. 4.8. Schematic diagram of diaphragm under pressure.

Here, we define the pressure sensitivity as the ratio between the center diaphragm
deflection and the applied pressure. The pressure sensitivity can be expressed by [217],

Sp 

3(1   2 )a 4
(  m / Pa)
16 Eh3
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(4.14)

where α and h are the diaphragm radius and thickness (in μm), respectively. E and μ are
Young’s modulus and Poisson’s ratio of the diaphragm material. In our case, the
diaphragm is made of fused silica, so E = 73 GPa and µ = 0.17. Eq. (4.14) can be
rewritten as

S P  2.49 1012

a4
(  m / Pa)
h3

(4.15)

In should be noted that Eq. (4.15) is only valid only in linear region of diaphragm
deflection when the deflection is no more than 30% of the thickness of the diaphragm.
Therefore, the maximum pressure limit can be derived as

Pmax  1.20 10

13

h4
( Pa)
a4

(4.16)

From Eqs. (4.15) and (4.16), we can conclude that the diaphragm sensitivity and
maximum pressure limit are related to the thickness and radius of the diaphragm. By
increasing the diaphragm radius, and decreasing the diaphragm thickness, the sensitivity
will be increased. Conversely, increasing the thickness and decreasing the radius will
increase the pressure limit.
As the diaphragm deflects, the cavity length of EFPI changes accordingly, the
cavity length change can be calculated from the wavelength shift according to the
following equation,
LC v

LC
v

(4.17)

where v is the wavelength of a specific interference valley, Δv is the change in the
center wavelength of that specific interference valley, ΔLC is the change in the cavity
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length. According to Eqs. (4.14) and (4.17), the wavelength shift as a function of applied
pressure P can be written as,

v 

3(1   2 )v a 4
P
16 Eh3 LC

(4.18)

Temperature sensing: When the diaphragm-based EFPI is subjected to
temperature variation, the sensitivity is depending on the thermo-optic effect and thermal
expansion of the material. Since the medium in cavity of EFPI is air, no thermo-optic
effect will be considered in this case, so the temperature sensitivity can then be expressed
as following:
ST 


 ( CTE )0
T

(4.19)

where αCTE is also the coefficient of thermal expansion for silica (0.55×10-6 °C-1). Noted
that αCTE is very small for silica, so the diaphragm-based EFPI can be considered as a
temperature-insensitive device.

4.1.3.5 Sensor fabrication
For type 1 structure as shown in Fig. 4.7, the fabrication consists of the following
steps. First, the EFPI was fabricated the tip of a SMF. A section of hollow core silica
capillary tube with an outer diameter of 150 μm and an inner diameter of 75 μm
(TSP075150, Polymicro Inc.) was initially fusion spliced (Sumitomo Type-360 fusion
splicer) to a piece of SMF. Then the tube was cleaved at a distance (tens of micrometers)
from the splice point with the help of a microscope. The cleaved tube was then spliced to
another piece of SMF to form a sealed air cavity sandwiched between two fibers.
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Precision fiber cleaving was then applied to cut the SMF so that a thin piece of fiber was
left to perform as an as-cleaved diaphragm.
However, if we want to get an EFPI cavity with smaller cavity length, then type 2
structure would be a better choice. Figure 4.9 shows the updated block diagram of the fs
laser ablation system used for fabrication of EFPI cavity and diaphragm. To fabricate an
EFPI sensor, the SMF was cleaved and the fiber was mounted on a high-precision
computer-controlled three-axial translation stage (Newport, Inc.) with a resolution of 0.1
μm. The fs laser was focused on the fiber tip through an objective lens (Zeiss EC Epiplan,
20X, NA = 0.4) with the spot size about 1 μm in air. A cavity of depth ~36 μm was
precisely drilled as shown in Fig.4.10 (a). A constant flow of nitrogen gas was targeted at
the fiber tip to remove the debris being generated during the fabrication process for a
better quality of fabrication. The inner surface of the laser-drilled micro hole had quasidistributed structures of submicron sizes and a low optical reflectivity (I1’ < I1, as shown
in Fig.4.7). The hole-drilled SMF was then spliced to another SMF to form a sealed air
cavity in between two fibers, as shown in Fig. 4.10 (b). To avoid increasing the curvature
of the cavity walls and decreasing the cavity depth during the fusion splice process,
multiple combinations of arc duration, arc power and overlap of fusion splicer settings
were adjusted. During fusion splice, the rough structure of the micro-hole surface was
melted by the arc. As a result, the surface became smooth, and the reflectivity increased
(I1’ > I3, if I3 was laser ablated surface, as shown in Fig.4.7). One example of such EFPI
cavity with the dimensions of 65×65×35μm is shown in Figs. 4.10 (a) and (b). Actually,
the length, width and depth of the hole could be flexibly varied. In addition, the shape of
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the cross-section of the micro-hole can also be changed, i.e., circular shape. The cavity
depth reduces slightly because of the fusion splicing process as the fibers are heated and
fused together. Though the cavity walls have a slight curvature towards due to the
Gaussian shape of the laser beam, the width of the cavity is enough to avoid any
curvature close to the core of the fiber. Precision fiber cleaving was applied to cut the
fiber so that a thin piece of fiber was left to perform as the diaphragm. Finally, the ascleaved diaphragm was thinned and roughened by our fs laser ablation system and the
interference spectra of the fabricated sensor was acquired using the in-situ monitoring
system, which is the same as we used in Subsection 4.1.2.
Monitor
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Beam Shutter
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Objective lens
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Three-axis Stage
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Fig. 4.9. Updated block diagram of the fs laser ablation system used for
fabrication of EFPI cavity and diaphragm.
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The actual laser energy used for diaphragm fabrication was reduced to
approximately 0.2 μJ per pulse. The diaphragm thinning process was also performed
layer-by-layer with a step size of 0.5 μm to avoid breaking the ultrathin diaphragm. The
fabrication was complete when a preset depth scan was reached. Fig. 4.11 (a) shows the
SEM image of an EFPI sensor head. For easy visualization, half of the sensor head was
cut out using fs laser to expose the sealed cavity and the diaphragm. This particular
sensor had a cavity with the diameter of 70 μm and the length of 100 μm. Fig. 4.11(b)
shows an fs laser drilled hole with diameter of ~ 80 μm and thickness of ~10 µm. We can
see from the figure the wall of the hole has some degree of slope. This is due to the
accumulation of fiber debris around the corners of the hole in laser fabrication. Fig. 4.11
(c) shows SEM image of a diaphragm with a small rectangular hole cut at its center using
FIBs. The thickness of this diaphragm is estimated from the length bar to be ~ 4 µm. The
micro structure on the diaphragm surface is clearly visible.

(a)

(b)

EFPI Cavity

Fusion Joint
60 µm

Fig. 4.10. Microscopic images of the EFPI. (a) Image of the micro-cavity drilled on the
tip of the fiber. (b) Image of the EFPI cavity.
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(a)

(b)

(c)

Fig. 4.11. SEM images of the diaphragm-based EFPI using fs laser ablation system. (a)
Image of the micro-cavity drilled on the tip of the fiber. (b) Top view of the EFPI cavity.
(c) Cross-section view of the diaphragm.

4.1.3.6 Interferogram of diaphragm-based EFPIs
Figures 4.12 (a) and (b) plot the interference fringes of a diaphragm-based EFPI
before and after fs laser roughening outer surface in air and water. The sensor had a
cavity length of ~ 8 µm and a micro-hole diameter of 75 µm. According to Eq. (4.13), the
cavity length can also be calculated using the interference fringes, which is about 7.97
µm.
The as-cleaved diaphragm had a thickness of about 25 µm, measured by an
optical measuring microscope (Nikon Measurescope UM-2). As shown in Fig. 4.12 (a),
before laser roughening, the sensor had a distorted spectrum, resulting from the
superposition of three-beam interferences. In addition, when the surrounding medium
changed from air to water, the fringes changed significantly, suggesting that the ascleaved diaphragm would introduce measurement errors when the surrounding medium
changes. Oppositely, the laser-roughened diaphragm significantly reduced the reflection
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from the outer surface (I3 << I2, as shown in Fig.4.7). Immersion of the sensor head into
water did not incur any noticeable change to the interferogram, indicating the immunity
of the sensor to the variations in surrounding media.
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Fig. 4.12. Typical interference spectra of the diaphragm-based EFPI in air and water.
(a) Before and (b) after laser roughened the diaphragm.

4.1.3.7 Sensing capabilities of diaphragm-based EFPIs
Temperature response: A potential application of the developed sensor is in-situ
pressure monitoring in a high temperature environment. As a result, minimizing the
temperature dependence of the sensor becomes an important issue. To measure the
temperature sensitivity, the sensor was placed in an electrical tubular furnace and heated
from room temperature 20°C to 700°C and cooled down to 20°C again. Measurements
were performed both in temperature increase and decrease cycles. The largest difference
between measurement results in the two cycles was only 1%. Fig. 4.13 plots the
wavelength shift of the interferogram as a function of the ambient temperature. The
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sensor successfully survived at 700°C and exhibited a linear response to temperature
variation.

Fig. 4.13. Sensor response to temperature changes.

The sensor had a temperature sensitivity of 4.44 pm/°C based on the linear fitting
curve in Fig. 4.13. The air gap change was mainly induced by thermal expansion of the
cavity, which was hosted inside fused silica fiber cladding with a αCTE of 0.55×10-6 °C-1.
Given that the sensor had a cavity length of 7.97 μm, the thermal expansion ratio was
calculated to be 5.57×10-7/°C, which is very close to the CTE of fused silica. The slightly
larger temperature dependence of the sensor, in comparison with the CTE, could be
caused by the expansion of sealed air, which pushed the thin diaphragm outward as the
temperature increased. Nevertheless, the sensor had very small temperature dependence,
suggest low-temperature cross-sensitivity in pressure measurement.
Pressure measurement: The pressure sensitivity of the fabricated diaphragmbased EFPI was characterized. The sensor was sealed in a pressure chamber where the air
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pressure was supplied using a compressed Argon gas cylinder and controlled by a
pressure controller (MKS640). The pressure controller could supply static pressure up to
6.895×105 Pa, and the precision of the pressure output was 0.5 % of the full scale
according to the specification. Interference spectrum was recorded for every 6.895×104
Pa increment from 0 to 6.895×105 Pa. The largest difference among the four
measurements was 0.3 %.

Fig. 4.14. Pressure induced interferogram shift of diaphragm-based EFPI.

Figure 4.14 shows the measurement results obtained from the sensor, where the
changes in cavity length are plotted as a function of the applied pressure. Within the
pressure range of 6.895×105 Pa, the center of the diaphragm deflected linearly as the
pressure changed. Based on the linear fitting curve, the sensitivity of the sensor (SP) was
estimated to be 2.8×10-4 nm/Pa. Given a wavelength measurement resolution R of 0.05
nm of the OSA, the detection limit (DL=R/Sp) of the pressure sensor was estimated to 180
Pa. The thickness of the diaphragm could be calculated from the measured sensitivity
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using Eq. (4.13). The calculated diaphragm thickness was about 2.6 μm, which was close
to the target value after laser thinning and roughening. According to the measurement
results of temperature and pressure sensitivities, the temperature-pressure cross
sensitivity (ST/P = ST/SP) is found to be less than 15.86 Pa/°C.
Autogenic pressure measurement: The sensor was also tested for measurement
of the autogenic pressure of water vapor at high temperature conditions. The autogenic
pressure is the pressure exerted by a vapor in thermodynamic equilibrium with its
condensed phases (solid of liquid) at a given temperature (room temperature or high
temperature) in a closed system, as illustrated in the inset of Fig. 4.15. Fig. 4.15 also
shows the relationship between temperature and vapor pressure. Obviously, the vapor
pressure is an exponential function of the temperature variation [218].

Room T

High T

Fig. 4.15. Water vapor pressure as a function of temperature. Inset: Autogenic pressure of
water vapor at different temperatures in a thermodynamic equilibrium and closed system.
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According to Ref [219], the saturation water vapor pressure can be expressed by,


 T   T 
P  P0 exp  24.9211  0    0 
 T   T 


5.06

(4.20)

where P is the absolute vapor pressure and T is the temperature : T0 = 273.16 K, P0 =
611.657 Pa.

Fig. 4.16. Measured and calculated water vapor pressures at different temperatures.
CALP: theoretical pressure, MEAP: measured pressure,
and ΔP: difference between MEAP and CALP

To perform the experiment, the sensor was sealed in a stainless-steel tube, with
part of the tube filled with water. The tube was placed in an electric oven and heated from
room temperature 20°C to 200°C. Measurements were performed three times at each
temperature level. The largest difference among the three time measurements was 0.5 %.
Fig. 4.16 plots the theoretical and measured pressures at different temperatures. The
theoretical values were calculated by adding the results from Eq. (4.21) and atmospheric
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pressure at room temperature. The measured values were obtained by measuring the
wavelength shifts of the interferogram and converting them to pressure changes using the
pressure sensitivity (2.8×10-4 nm/Pa) obtained from pressure test in our previous
experiment (Fig.4.14).
The sensor successfully survived the high pressure and high temperature
conditions. The theoretical, experimental values and their difference are also listed in the
inset table, as shown in Fig.4.16. Note that the measured pressures were in good
agreement with the theoretical values, however, the measured values were a little bit
larger than the theoretical results. The difference became larger as the temperature
increased. We believe that the difference was mainly caused by the thermal expansion of
the cavity or, in other words, the temperature cross-sensitivity of the device. Other error
sources might include the inaccuracy of the model given in Eq. (4.20), and imprecise
measurements of the initial cavity length, pressure and temperature readings of the oven.
Nevertheless, the experiment demonstrated that the feasibility of using this sensor to
measure high pressure in a high temperature environment without temperature
compensation.

4.1.3.8 Conclusion
In summary, a diaphragm-based miniature EFPI was fabricated by fs laser
micromachining. The sensing head consists of a laser micromachined FP air cavity and a
fused silica diaphragm with its outer surface thinned and roughened by fs laser. The
thickness of diaphragm can be well controlled to vary the sensitivity for pressure
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measurement. Thin diaphragm with thicknesses as small as 2.6 μm is achievable. A
pressure sensitivity of 2.8×10-4 nm/Pa and a detection limit of 180 Pa were demonstrated.
The sensors have been tested at high temperatures up to 700 °C, showing a linear
response to temperature with low temperature sensitivity of 4.44 pm/°C, corresponding to
a small pressure-temperature cross sensitivity less than 15.86 Pa/°C. The sensor has also
been demonstrated for measurement of autogenic pressures of water vapor up to 200 °C.
Without temperature compensation, the pressure measurement results agreed well with
those calculated values based on the theoretical model. Compared with previously
reported fiber-tip pressure sensors, the proposed sensor has less temperature crosssensitivity. It is also insensitive to variations in ambient refractive index. The diaphragm
thickness and diameter can be controlled with fs laser micromachining to adjust the
sensitivity and measurement range. The sensor’s pressure sensitivity is relatively low
compared with sensors made of other diaphragm materials such as polymer, but it has a
larger pressure range and can work at higher temperatures. The proposed sensor is useful
for pressure measurement in harsh environment with high temperature conditions.

4.1.4

Example 3: Simultaneous measurement in harsh environment
4.1.4.1 Introduction

In Subsections 4.1.2 and 4.1.3, we propose two possible solutions for the
measurement of high temperature and high pressure in advanced energy systems (i.e.,
power plant). Accurate, continuous, and real-time data of temperature and pressure helps
with key components health status monitoring and lifecycle management [31]. As such,
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sensors with dual-parameter sensing capability and survivability in high temperature and
high pressure harsh environment are highly necessary in such applications.

4.1.4.2 Review of existing fiber optic dual-parameter sensors
In the past years, several types of fiber optic sensors have been demonstrated for
temperature and pressure sensing. The major types include FBGs for dual-parameter
measurement [220-223], diaphragm based EFPI for pressure sensing [224-225], LPFG
for temperature sensing [226], etc. An early reported type used a single FBG that was
half encapsulated and the other half fixed in a polymer-filled metal cylinder [220].
Because the resonance wavelength shift of the FBG is affected by both temperature and
pressure, the cross-sensitivity becomes an issue. Double FBGs coated by a special
polymer in a metal tube was later developed to discriminate between pressure and
temperature [221]. FBGs in specialty fibers have also been proposed, i.e., FBGs in
standard and grapefruit microstructure fibers [227]. However, the UV laser induced
FBGs has a maximum temperature limit of around 200 °C. Recently, a combined
temperature-pressure sensor consisting of two low finesse FP resonators was reported
[228]. This structure provides a potential for high temperature applications. However, the
fabrication process involves HF etching which is hazardous.

4.1.4.3 Possible solutions for dual-parameter sensing in harsh environment
In this subsection, we propose a possible solution (a hybrid sensor) for dualparameter sensing using the cascaded diaphragm based EFPI and IFPI. These sensors are
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both fabricated using our fs laser micromachining system. The EFPI is adopted either
type 1 or type 2 structure, as shown in Fig. 4.7, while the IFPI is constituted of a pair of fs
laser induced internal reflectors inside the fiber core. Details of the sensor fabrication can
be found in the following subsections.

4.1.4.4 Operation principle and sensing mechanism
Laser induced reflecting
mirrors (IFPI)
SMF

Input

I1

I2
Cavity length L

Fig. 4.17. Schematic of IFPI fabricated by fs laser irradiation.

Figure 4.17 illustrates the schematics of IFPI fabricated by fs laser irradiation
process. The light propagates inside SMF and reflects at two reflecting mirrors. The light
intensities of the reflected beams are denoted as I1 and I2, respectively, superimpose to
generate an interference pattern just like a typical FP interferometer. Due to the low
reflectivity of the laser irradiated reflecting mirrors, multiple reflections between two
mirrors also have negligible contributions to the optical interference. The low-finesse
IFPI device can thus be modeled using the two-beam optical interference equation,
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 4 ncore L 
I  I1  I 2 +2 I1I 2 cos 





(4.21)

Similar to the operation principles of previous interferometric devices, any change
in the OPD will bring a proportional wavelength shift in the reflection spectrum,
OPD 0

OPD
0

(4.22)

where OPD  2ncore L , λ0 is also the characteristic spectral position (i.e., peak or dip value
in the interferogram).
Temperature sensing: In the case of an IFPI cavity, the structure is inscribed
inside the fiber and thus the cavity consists of the fiber material (silica) itself. When the
IFPI is subjected to temperature variation, the sensitivity is depending on both the
thermo-optic effect and thermal expansion of the material, so the temperature sensitivity
can then be expressed as following:
ST 


  CTE  TO  0
T

(4.22)

where αTO is the coefficient of thermo-optic for silica (8.3×10-6 °C-1). This added term
results in a higher temperature sensitivity of IFPI than that of diaphragm-based EFPI.
Theoretically, IFPI is 16 times more sensitive to temperature compared to the EFPI if the
fiber material is silica.
It should be noticed that the silica material is in solid phase, which means it`s
really hard to be compressed under a high pressure condition. Thus, IFPI can be
considered as a pressure-insensitive device, providing a potential for dual-parameter
sensing capability.
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4.1.4.5 Sensor fabrication
Figure 4.18 shows the schematic diagram of two combinations of the hybrid
sensor, each of both including an IFPI and a diaphragm-based EFPI. For the fabrication
of EFPI cavity, we have already talked about two different types of EFPIs in Subsection
4.1.3. While for IFPI, laser irradiation micromachining system needs to be adopted, as
shown in Fig. 4.19.
IFPI

Combination 1

CO2 laser irradiation

EFPI

Laser
roughened
diaphragm

SMF

I1

Input

I4

I3

I2
LI

LC

IFPI

Combination 2

EFPI

SMF

Input

I1

I3’

I2

Laser
roughened
diaphragm

I4
LC

LI

Fig. 4.18. Schematic of the proposed hybrid sensor,
including an IFPI and a diaphragm-based EFPI.

Compared to fs laser ablation fabrication, a water immersion lens (Olympus
UMPlanFL 20X, NA = 0.4) was used in this case to focus the fs laser beam into the fiber
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core with a spot size about ~0.9 μm. The advantages of this update include compensating
spherical aberration effect as illustrated in Chapter 2 and better viewing for on-line
monitoring system. Although using such lens may have a chance to generate filament
issue (P > Pcr, as discussed in Chapter 2), by fine-tuning the pulse energy of the laser
beam, the results are acceptable. An in-situ monitoring system was also used to monitor
the performance of the device during the micromachining process. Index matching gel
was added to the fiber end to avoid extra reflection to the interferogram.
Monitor

CCD

Shutter

l/2
Wave Plate

ND Filter
Dichroic mirror

Fs Laser
Polarizer

Broadband
Source

SMF

Objective lens
(20X Water
Immersion)

Circulator
SMF

OSA

Computer

SMF

Water tank

Three-axis Stage

Driver

Index
matching gel

Lamp

Fig. 4.19. Schematic of fs laser micromachining system for IFPI fabrication.

After mechanically stripping its buffer, the fiber was cleaned using acetone and
clamped onto two bare fiber holders, which were immersed in distilled water during
fabrication. The fiber assembly was mounted on a computer-controlled three-axis
translation stage with a resolution of 0.1 μm (Newport, Inc.). The velocities of the stages
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were set at 50 μm/s during fabrication. A cuboid region (20×2×10 μm) was inscribed in
the center of the fiber from bottom up to cover the whole cross-section of the fiber core.
The center of the inscribed region was aligned with the center of the fiber core. Both
refractive index change and nanogratings formation can be realized by varying different
pulse energy of the laser beam, and nanovoids will not be considered in this case.
Comparison results of IFPIs irradiated using different laser pulse energies (or laser
powers) are conducted, both microscope images and reflection distributions of three
IFPIs fabricated with different fs laser powers (0.14, 0.12, and 0.1 W) can be found in Fig.
4.20. The reflection values post measured using Dr. Wei and coworkers` interrogation
system [229] were referenced to an angled polished connector (APC), which was
previously measured using off-the-shelf precision instruments. The reflectivity of the
weak reflectors decreased as fabrication power was reduced. A reflectivity of refractive
index change around −70 dB was achieved with laser beam at 0.1 W. The spatial
resolution of this interrogation system is about 1 mm. Details of this interrogation method
can be found in Ref [229].
While in our own on-line monitoring system, it`s really hard to readout a high
quality IFPI interferogram with the cavity length LI =1 mm, so in our case, the value
should be controlled from 50 μm - 1000 μm. Fig. 4.21(a) shows the microscopic image of
an IFPI. The two parallel cuboids in the fiber core are clearly observed. The shape of the
reflecting mirror can be changed easily corresponding to different purposes, i.e., cuboid
shape, line shape, and point shape. Different shape may generate different interferogram
as well as reflectivities.
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Fig. 4.20. Microscopic image and reflection distribution in spatial domain of three 1 cm
IFPI cavities fabricated using differing laser power:
(a) 0.14, (b) 0.12, and (c) 0.1 W. [229]

After laser irradiation, an IFPI with a cavity length LI of a few hundred
micrometers was fabricated at a short distance (~1 cm) away from a type 1 diaphragm
EFPI with a cavity length LC of tens of micrometers (as shown in Fig. 4.21(b). LI was set
to be significantly longer than LC to facilitate signal processing, which will be discussed
in the following Subsection.
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(a)

(b)

20 μm

60 μm

(c)

Laser irradiation point

60 μm

Fig. 4.21. Microscopic images of (a) IFPI, (b) diaphragm-based EFPI,
and (c) CO2 laser irradiation point.

Note that the refractive index change in the fiber core induced by the fs laser is
very small (Δn = 10-4 - 10-2), therefore, the reflectivity of such internal reflectors in an
IFPI is much smaller than that of air/glass interface in an EFPI. Due to the unbalanced
reflectivity, there is a difference of 20 to 30 dB in their intensity levels. Such lower signal
of IFPI is hardly to be observed in the spectrum. As such, balancing is extremely needed
in our case.
One possible solution to balance the power levels of the IFPI and diaphragmbased EFPI signals is to add a transmission loss between these two interferometers. In
this thesis, a CO2 laser (V20, SYNRAD, Inc.) with a free-space wavelength of 10.6 μm
was employed to irradiate the fiber to increase the transmission loss. A ZnSe cylindrical
lens with a focal length of 50 mm was used to shape the CO2 laser beam into a narrow
line with a linewidth of about 200 μm. The power and duration time of the CO2 laser
were set to 12 W and 200 ms, respectively. The CO2 laser was controlled by a computer
so that these two values could be accurately adjusted. During irradiation, the CO2 laser
can form a micro-bend region within the fiber, as shown in Fig. 4.21 (c). The irradiation
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process was repeated multiple times until an ideal spectrum was obtained. Till now, a
hybrid sensor with an IFPI and a diaphragm based EFPI was successfully produced, as
illustrated of combination 1 in Fig. 4.18.
The combination 2 hybrid structure is also a choice. The only limitation is the
length of laser drilled cavity of EFPI. As such, for short length of LC (< 40 μm), we can
choose Combination 2 structure, while for large value of LC (> 50 μm), Combination 1
hybrid structure might be a better choice.

4.1.4.6 Multiplexing and signal processing
Since IFPI is sensitive to temperature variation but insensitive to pressure change,
while diaphragm based EFPI has been proven a good candidate for high pressure sensing
with low temperature/pressure cross-sensitivity. This results in a unique opportunity of
combining these two sensors for simultaneous measure of pressure and temperature in
harsh environment.
When pressure and temperature are simultaneously applied to the sensor, a
sensitivity matrix can be used to extract the pressure and temperature components based
on the individual sensitivity coefficients of the EFPI and IFPI sensors. The wavelength
shifts of the EFPI and IFPI on changes in pressure and temperature can be expressed as,
I  SP, I  P  ST , I  T

(4.23)

E  SP , E  P  ST , E  T

(4.24)
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Subscripts I and E are used for the terms corresponding to the IFPI and EFPI sensors,
respectively. Subscripts P and T represent the pressure and temperature contributions,
respectively.
The temperature and pressure can be obtained by solving the following
characteristic matrix,

 T  1  S P , E
 P     S
 
 T ,E

S P , I   I 

ST , I   E 

(4.25)

where   S P , E ST , I  ST , E S P , I in the above equation.
The interference signals of the IFPI and EFPI sensors are multiplexed. The fast
Fourier transform (FFT) is a widely used method to demodulate multiplexed sinusoidal
signals. By performing the Fourier transform on the recorded interferogram, the OPD of
each interferometer can be resolved. The detectable ΔOPD is given by [230-231],
OPD 

n
vE  vS

(4.26)

where νE and νS are the wavenumbers of the starting and ending points of an observation
bandwidth, respectively. n is an integer representing the Fourier series index.
According to Eq. (4.26), the minimum detectable ΔOPD using spatial Fourier
transform method is  vE  vS when n = 1. For a broadband light source with a spectrum
bandwidth of 100 nm (i.e., 1520 - 1620 nm), the detectable ΔOPD is approximately 12
μm. Due to the low resolution, FFT is not suitable for signal demodulation when the
ΔOPD is small.
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Convention to
wavenumber domain

Fast Fourier Transform
(FFT)

Reconstruction using
Inverse Fourier Transform
(IFFT)

Filtering to select frequency
components

Fig. 4.22. The flow chart for demultiplexing signal process.

In this thesis work, we adopted a FFT-based wavelength tracking method to
demodulate multiplexed interferometric signals, as illustrated in Ref [84]. Fig.4.22 shows
the flow chart for demultiplexing signal processing. The multiplexing spectrum is first
converted from the wavelength domain to the wavenumber domain. Then FFT is applied
to the converted signal to the spatial frequency domain. Band-pass filters (i.e., Hamming
window) are used to extract specific frequency components and transform them back
(inverse FFT) to the wavelength domain. Then the wavelength tracking method is
adopted to find ΔOPD. As a result, the measurement accuracy has been significantly
improved.
Figure 4.23(a) plots the recorded spectrum of the multiplexed IFPI and EFPI
sensors, and Fig. 4.23(b) shows the FFT result of the original spectrum. Two main
frequency components with substantially different OPDs can be clearly identified,
corresponding to the EFPI and IFPI, respectively. The cavity lengths of EFPI and IFPI
can be calculated to be 62 and 680 μm, respectively.
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Two Hamming-windowed digital filters were applied to select each frequency
component. After filtering, each interference spectrum was reconstructed using an inverse
FFT. Figs. 4.24 (a) and (b) plot the reconstructed interferograms of the EFPI and IFPI,
respectively.

(a)

(b)

Fig. 4.23. (a) Spectrum of multiplexed EFPI and IFPI sensors and
(b) FFT of the multiplexed sensor spectrum.

(b)

(a)

Fig. 4.24. Reconstructed interferograms of (a) EFPI and (b) IFPI.
.
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Once the individual interferograms of the EFPI and IFPI are obtained, we can
pick a specific interference valley in the reconstructed waveform as the tracking
wavelength. Then the wavelength tracking method was used to obtain the wavelength
shifts of the interferograms.

4.1.4.7 Experimental results
The hybrid sensor was sealed in a Swagelok tube where the air pressure was
supplied using a compressed Argon gas cylinder and controlled by a pressure controller
(MKS640). The pressure controller/generator could provide a static pressure up to
6.895×105 Pa with a precision of ~0.5 %. The Swagelok tube-sealed sensor was then
placed in a programmable electrical furnace (Lindberg/Blue M) whose temperature could
be varied from room temperature to 1100°C. The interrogation system was the same as
we used in Subsections 4.1.2 and 4.1.3.
First, the temperature and pressure sensitivities for the EFPI and IFPI sensors
were calibrated. The calibration results are listed in Table 4.1. As we expected, the IFPI
is primarily temperature sensitive but pressure insensitive. On the other hand, the EFPI is
primarily pressure sensitive but temperature insensitive.
Table 4.1 Calibration results
Coefficient

ST,E (nm/°C)

SP,E (nm/Pa)

ST,I (nm/°C)

SP,I (nm/Pa)

Value

0.001

1.0×10-6

0.0146

0
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Next, the sensor was tested for simultaneous pressure and temperature
measurements. The measurement procedure was described as follows. (1) Given a
constant temperature, the pressure was increased from 0 Pa to 6.895×105 Pa with an
increment of 1.379×105 Pa; (2) Under a constant pressure, the temperature was set to
increase from 20°C to 700°C with an increments of 50°C.
800000

Measured pressure (Pa)

Measured P at 20 °C

(a)

(b)

Measured P at 400 °C

600000

Measured P at 700 °C
400000

200000

0
0

200000

400000

600000

800000

Applied pressure (Pa)

Fig. 4.25. (a) Pressure measurement results under different temperatures and
(b) temperature measurement results under different pressures.

Figure 4.25 (a) shows the measured pressure results of the hybrid sensor at the
temperature of 20°C, 400°C, and 700°C. Fig. 4.25 (b) shows the measured temperature
results of the hybrid sensor at different pressures of 0 Pa, 3.447×105 Pa, and 6.895×105 Pa.
The temperature and pressure data were taken directly from the electrical furnace and the
pressure controller readings, respectively. Linear approximation curves were added to
show the linearity of the measurement results. As shown in Figs. 4.25 (a) and (b), the
hybrid sensor successfully decoupled the temperature and pressure. The maximal
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measured discrepancy among individually measured pressures at three temperatures was
4.0×103 Pa, in the pressure range of 0 to 6.895×105 Pa. The maximal measured
discrepancy among individually measured temperatures at three pressures was 0.8 °C, in
the temperature range of 20 to 700°C. The discrepancies were within the range of
instrument uncertainties and the resolution limit of OSA.

4.1.4.8 Conclusion
In this section, fs laser irradiation process was researched and developed for the
fabrication of weak reflectors inside a SMF. A miniature, all-fiber IFPI/EFPI sensor
suitable for simultaneous measurement of temperature and pressure was described as an
example. The sensors were fabricated with the help of fs laser micromachining. The IFPI
and EFPI signals were unambiguously separated using band pass filtering of frequency
spectrum. The sensor was tested up to 700 °C and 6.895×105 Pa, and the results show
good linearity in the measurement range, providing potential for high temperature and
pressure measurements in harsh environment (i.e., advanced energy systems).
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4.2 Advanced optical fiber probes for SERS detection
Optical fiber based Raman spectroscopy, which is one of various label free
detection methods, has been developed into portable systems with in-situ and remote
sensing capability. The surface enhanced Raman spectroscopy (SERS) can enhance the
inherently low Raman cross-sections by 6-8 orders of magnitude [232]. With high
sensitivity and high specificity, the principle of SERS has been demonstrated useful in
chemical/biomedical sensing [233-237], or have a potential for toxic materials detection
in advanced energy systems or hostile environments. Broad field applications will be
extended when implementing the SERS function on an optical fiber. However,
fabrication of high quality optical fiber based SERS probes remains challenging and
detection of ultraweak Raman signals is an issue when using doped silica glass fibers. In
this subsection, fs laser ablation technique was continually investigated for fabrication of
high quality optical fiber SERS probes and comparison results were made with respect to
three types of fibers.
4.2.1

Background and motivation

SERS has attracted substantial interests in recent years [238-239] because of its
unique capability of molecular identification. The concept has also been implemented on
optical fibers, resulting in miniaturized SERS probes for various sensing applications
[240-241]. A variety of techniques have been developed in the past for fabrication of
fiber optic SERS probes, including metal coating of roughened endface with mechanical
means [242], metallic nanoparticle deposition [243], bio-imprint aided fabrication [244],
metal coating on a fiber taper [245], and fs laser micromachining [246-247]. Methods
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have also been investigated to improve the sensitivity of fiber SERS probes. For example,
Gu et al. reported a “sandwiched” fiber SERS probe configuration by the combination of
depositing silver nanoparticle on fiber endface and adding suspended silver colloids in
the solution to be measured [248]. Lucottiet al. reported enhanced SERS signals using a
double-tapered fiber tip geometry obtained by two-fold etching [249].
A fiber optic SERS probe is preferred to operate in a reflection configuration in
which the excitation and detection are on the same side. In addition, the probe is desired
to have an enough lead length for convenient installation or insertion. However, the
reported SERS probes were mostly made using doped-silica glass fibers, which have a
broad and strong Raman scattering in the spectral range of 100-1100 cm-1 [250]. As the
lead length of the probe increases, the fiber background Raman scattering may
accumulate and overshadow the weak Raman signal to be detected. For this reason,
Hartly et al. limited the fiber length to about 25 mm when they compared the
performance of the SERS probes made of different silica fibers [251]. Various types of
optical fibers have been proposed to reduce the background Raman scattering, including
the low-OH fused silica fiber [252], solid-core [253] and hollow-core [254] photonic
crystal fibers, and the single-crystal sapphire fiber [252, 255]. Unlike silica glass
materials, single crystal sapphire has narrow and isolated Raman peaks. When used as a
waveguide for excitation and collection of Raman signals, a sapphire fiber has the
advantages of low background Raman scattering and high collection efficiency as a result
of its very large numerical aperture. It is worth noting that the background Raman of the
sapphire fiber strongly depends on the purity of the material. In Ref [251], a broad
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background Raman band was observed in a sapphire fiber purchased from Saphikon and
made by the edge-defined film-fed growth (EFG) method. The authors attributed the
broad background Raman band to the fluorescence caused by crystalline impurities in the
sapphire fiber. On the other hand in [255], the background Raman bands of the sapphire
fiber (made by MicroMaterials, Inc.) were found to be weak and narrow. The
MicroMaterials sapphire fiber was made by the laser-heated pedestal-growth (LHPG)
method.
In this subsection, we compare three types of fibers for construction of SERS
probes that operate in a reflection configuration, including the fused silica singlemode
fiber (SMF), fused silica multimode fiber (MMF) and single crystal sapphire fiber
(SCSF). The probes are made by fs laser ablations of nanostructures on the endface and
subsequent coating of silver thin film by chemical plating.

4.2.2

Samples preparation

An unclad, single crystal sapphire fiber (MicroMaterials, Inc. SF75-50) with a
diameter of 75 μm was chosen for the experiment. Before the fs ablation process, a piece
of SCSF with a length of 20 cm was precisely polished on both endfaces. The polishing
process was performed by a wheel polisher (Ultrapol-1200, Ultra Tec) using diamond
lapping films. The rotation speed of polishing plate was set to be 40 rpm (rounds per
minute). Two types of diamond lapping films were used: a lapping film with 3 μm grain
size was first used to flat the sapphire fiber endfaces, and then a lapping film of 0.1 µm
grain size was used for fine polishing.
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Two different types of silica fibers with the same length (20 cm) as the sapphire
fiber were also prepared for the purpose of comparison, including a SMF (Corning, SMF28e), and a MMF (Corning, infinicor 300) with the core and cladding diameters of 62.5
and 125 μm, respectively. The endfaces of the silica fibers were cleaved and cleaned
carefully in acetone and distilled water.

4.2.3

Optical fiber SERS probes fabrication

Fs laser ablation system (similar to Subsection 4.1.2) was used to fabricate
microstructures on the endface of the fibers. The attenuated laser beam was focused onto
the endface of the fiber through an objective lens (Zeiss EC Epiplan, 20X) with a NA of
0.4. The fs laser beam spot size was about 1 μm in air. The fiber was clamped by a fiber
holder and then vertically mounted on a computer-controlled three-axis translation stage
(Newport, Inc.) with a resolution of 0.1 μm. The scanning velocity was set to be 200
μm/s and the actual laser energies used for roughening silica fiber and sapphire fiber were
approximately 0.4 μJ and 0.5 uJ per pulse, respectively.
During fabrication, the fs laser beam scanned through the fiber endface line by
line. The spacing between two adjacent lines was 1 µm and the distance between two
neighboring points was also 1 µm. It took less than 30 seconds to cover the entire
sapphire fiber endface with a diameter of 75 µm, while for the silica fibers with a
diameter of 125 µm, the whole ablation time was within 1 min. The ablated fiber endface
was then chemical plated with nanometer size silver particles.
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Formation of silver nanoparticles on laser ablated fiber endface proceeded as
follows. A contained cleaned by concentrated H2SO4 was rinsed well with de-ionized (DI)
water. Mixing 30 ml of 0.3 M silver nitrate aqueous solution with 30 ml of 0.2 M NaOH
formed a fine brown precipitate of Ag2O. The 0.4 M ammonia solution was then added
into this mixture drop by drop until the precipitate completely dissolved to form
[Ag(NH3)2]+. Then 0.3 M silver nitrate solution was added until the solution became pale
brown. After 1 drop of 0.4 M ammonium, the solution became transparent again. A clean,
fs laser-ablated fiber tip was then fully immersed into the solution. We started to count
the time as soon as 30 ml of 0.1 M α-lactose was added into the solution. After 10 mins,
the fiber tip was removed from the solution cleaned with DI water and dried in nitrogen
flow.
Figures 4.26 (a) and (b) show the SEM images of the fs laser ablated sapphire
fiber endface. A magnified image of the square area in Fig. 4.26 (a) is shown in Fig. 4.26
(b). The laser ablation created a roughened surface with quasi-uniformly distributed
features with an average size of several hundred nanometers, as shown in the microscope
image in Fig. 4.26 (c). We believe that the surface ripples were removed under the large
laser fluence and the quasi-uniformly distributed subsurface structures were exposed
[256]. The SERS performance strongly depends on the surface morphology, which can be
varied by tuning the laser parameters such as the pulse energy, repetition rate, wavelength,
spot size, scan speed, etc.
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(b)

(a)

(c)

5 µm

30 µm

30 µm

Fig.4.26. SEM images of fs laser-ablated sapphire fiber endface:
(a) the fiber tip and (b) surface profile. (c) Microscope image of fs laser-ablated
sapphire fiber endface coated with silver nanoparticles.

4.2.4 Raman signal test
Figure 4.27 shows the schematic of the experimental setup for Raman signal test.
A Raman spectroscopy system (Alpha 300s, WITec) was used to acquire the Raman
signal. The fiber probe to be tested was mounted under the microscope. Because the
sapphire fiber is uncladded, only a small portion (about 5 mm in length) of the fiber was
taped to the fiber holder to minimize the extra optical loss. The excitation light was
coupled into the fiber probe from its polished or cleaved endface using the same
microscope objective using for surface ablation (Zeiss EC Epiplan, 20X, NA = 0.4). The
other endface of the fiber had SERS active structures and was immersed in the liquid
solution. The laser beam propagated through the fiber to excite the Raman signal at the
SERS active endface. Part of the excited SERS signal was captured by the fiber, travelled
backwards and was collected by the objective lens for recording and analysis.
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Fig. 4.27. Schematic of the setup for characterization of the background Raman scattering
of the fibers and the performance of the SERS probes.
The background Raman scatterings of the sapphire fiber and the silica fibers were
first measured using the system. The lengths of all fibers were 20 cm and their endfaces
were either fine-polished (sapphire fiber) or cleaved (silica fibers). During background
Raman scattering measurements, the far ends of the fibers were placed in air.
The three types of SERS probes were evaluated using an aqueous Rhodamine 6G
(R6G) solution with a concentration of 10-7 M diluted in distilled water mixed with a 10
mM NaCl solution [246]. In all experiments, the wavelength and the power of the
excitation laser were 532 nm and 30 mW, respectively. The integration time was 2
seconds.
4.2.5

Results and discussion

The background Raman scattering spectra of the singlemode, multimode and
sapphire fibers in air are plotted in Fig. 4.28. The intensities of the background Raman
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signal were quite different. The MMF had the largest intensity because of its large NA
and core diameter. The background Raman signal of the SMF was also strong. The
sapphire fiber had the weakest intensity. In addition, the silica fibers had a broad
background Raman spectra peaked at the frequency of about 430 cm-1 with a long tail
into the high frequency region. However, the sapphire fiber had several isolated narrow
peaks as shown in the inset of Fig. 4.28. The weak and isolated background Raman
scattering of the sapphire fiber makes it a good choice to construct a reflection based
Raman probe.
The laser-ablated fiber endfaces were coated with silver nanoparticles by
chemical plating. The lead lengths of the three fiber probes were all 20 cm. The SERS
performance of the probes was tested by immersing the silver coated endfaces into a R6G
solution (10-7 M concentration). The SERS spectra of the R6G solution obtained by the
three fiber probes are shown in Fig. 4.29, where the Raman fingerprint signals of the R6G
solution are superpositioned on the Raman background spectra of the fibers. Both the
silica fiber probes have shown strong and broad Raman background peaks around 430
cm-1. The sapphire probe has a much weaker background Raman.
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Silica MMF

Silica SMF

Sapphire fiber

Fig.4.28. Background Raman spectra of two silica fibers (SMF and MMF) and a sapphire
fiber (all 20 cm in length) in air; Inset: enlarged background Raman spectrum of the
sapphire fiber.

For better comparison, we normalized the Raman spectra with respect to their
highest intensities as shown in the insert of Fig. 4.29. The sapphire fiber had the highest
contrast with high-quality Raman signatures whose intensities were almost as strong as
the background. The MMF probe had recognizable signatures but their strengths were
much weaker than the background Raman of the fiber. The SMF probe did not pick up
any identifiable R6G Raman signal. We believe this is because the SMF had a much
smaller core size, and so was the SERS active area at its tip, compared with the MMF and
sapphire fibers. The contributions from these differences may become more pronounced
as the fiber length increases.
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Silica MMF
Silica SMF

Sapphire fiber

Fig.4.29. Raman spectra of R6G solution with a concentration of 10-7 M;
Inset: normalized Raman spectra with respect to their highest intensities.

4.2.6

Conclusion

To summarize, three types of fibers were compared for construction of reflectionbased SERS probes including the singlemode and multimode silica fibers and the singlecrystal sapphire fiber. Fs laser micromachining was used to ablate nanometer structures
on the endface of the fiber and silver chemical plating was performed to make the laserablated endface SERS active. Compared with the strong and broad Raman background
scattering of the silica singlemode and multimode fibers, the background Raman
scattering of the sapphire fiber was weak and narrow, making it useful for construction of
SERS probes operating in a reflection configuration. When tested using a low
concentration (10-7) R6G solution, the sapphire fiber SERS probe showed a good
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performance. In contrast, the silica SMF probe did not pick up any recognizable Raman
signature and the silica MMF probe had a strong background Raman peak that
overwhelmed the R6G signals. Operating in an attractive reflection-based configuration,
the sapphire fiber SERS probe fabricated by fs laser ablations may find applications for
detection and identification of biological/chemical species or explosive/toxic molecules
in harsh environments.
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CHAPTER FIVE
APPLICATIONS OF LIQUID-ASSISTED LASER PROCESSING
Methods of liquid – assisted laser processing are illustrated in this chapter. Buried
microfluidics with sub-micro resolution in a SMF can be fabricated directly using laser
induced water breakdown technique. To improve the quality of the buried microchannels
in an optical fiber, laser irradiation with chemical etching technique is adopted, resulting
in an all-in-fiber optofluidic device for chemical/biomedical sensing application.
5.1 Introduction
Recent technological advances have led to the development of optofluidics-based
systems, in which waveguide and microfluidic architectures are synergistically integrated
to provide enriched intelligence and enhanced functionalities for chemical and biological
sensing applications [33]. In an optofluidic system, buried microchannels can be formed
in solid or soft transparent materials (i.e., silica or PMMA) through advanced
manufacturing techniques. The liquid of interest (in a small volume) confined and
manipulated inside the microchannels can be probed and analyzed using optical
measurements [34].
In addition to the well known of planar configurations of optofluidic systems, the
idea of all-in-fiber optofluidic devices (i.e., PCF-based and OFRR-based) has also been
investigated [39-40]. Additionally, taking advantage of fs laser micromachining
technique in transparent materials, the alignment free optics and improved robustness of
all-in-fiber optofluidic devices have been proposed in the past years. Existing methods
can be classified into two categories: (1) fs laser irradiation with chemical etching (i.e.,
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HF or KOH), also known as FLICE technique and (2) fs laser induced water breakdown
(FLIWD) technique.
In 2006, Y. Lai et al. from Bennion`s group firstly demonstrated a microchannel
formed in an SMF using FLICE for refractive index sensing application [41]. The
intensity change as a function of refractive index variation was investigated. Later, their
group created microfluidic networks in fiber cladding of SMFs using FLICE technique
and made this device as a sensor for temperature and refractive index sensing
applications [257]. However, due to the high roughness on the surfaces of microchannels,
large optical insertion losses could exist. Recently, researchers from Hermann`s group
have improved the roughness on the FLICE-formed surfaces down to 10 nm (rms) in bulk
fused silica [258-259] and presented a intricate and highly compact lab-in-fiber sensors
fabricated by laser directly writing waveguides and FLICE techniques with a variety of
functionalities, such as fluorescence, temperature, refractive index and bending sensing
applications [260]. However, the uniformity (taper angle involved) of the long-length
channel is an issue when using HF as etchant due to the etch selectivity between the laser
irradiated region and unexposure region. Although KOH solution can significantly
enhance the etch selectivity, the etch rate is much lower than that of HF [124].
In addition to FLICE technique, a microchannel can be directly created in a SMF
using FLIWD technique without using any toxic or hazard chemical solutions. Such
device can be used for temperature and RI sensing applications [261-262]. In this process,
the interaction between the laser and the liquid (i.e., DI water) can cause the laser induced
water breakdown phenomenon with laser induced bubbles, shockwaves, and a high speed
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jet. Meanwhile, the water plays a significant role to efficiently remove debris from the
ablated regions, resulting in the formation of microfluidic channels with arbitrary shapes.
The schematic diagram of FLIWD for the fabrication of 3D microchannels in an SMF
can be found in Fig. 5.1. Compared to FLICE, this technique can provide better
uniformity of the channel diameter, which is mainly depending on the spot size of the
laser beam (or the NA of objective lens). However, then the length of the microchannel
reaches several hundres of micrometers, the debris generated by fs laser ablation is hard
to be washed out using water, which restricts the length of the fabricated microchannels
(typically ~1 cm [263-264]). Additionally, the low quality surface profiles can generate
significant optical insertion loss and relative low translation speed (~1-2 μm/s [261]) may
cause time consuming concern.

Fs laser beam
Objective lens
(20X /60X Water
Immersion)

Water tank

SMF

Fiber holders
Fig.5.1. Schematic of FLIWD for the fabrication of 3D arbitrary microchannels in
an optic fiber.
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5.2 3D hollow structure in optical fibers
FLIWD technique was firstly investigated in this thesis. Fig. 5.2 (a) shows the
schematic FLIWD micromachining system. The actual laser energy used for fabrication
was approximately 0.8-1.2 μJ per pulse for low NA lens, which is much higher than the
threshold of fused silica. Fig. 5.2 (b) shows the details of FLIWD fabrication process.
CCD

(a)
Shutter

l/2
Wave Plate

Monitor

ND Filter

Dichroic
mirror

Fs Laser
Polarizer

Objective lens
(20X/60X Water
Immersion)

Z

SMF

Water Tank

X
Computer

Y

Driver

Three-axis Stage
Lamp

(b)

Fig. 5.2. (a) Block diagram of FLIWD for the fabrication of 3D arbitrary
microchannels in an optic fiber. (b) Figure of details of FLIWD experiment setup.
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The fiber used in experiments was a single-mode optical fiber (Corning, SMF-28e)
with the core and cladding diameters of 8.2 and 125 μm, respectively. After mechanically
stripping off its buffer, the fiber was cleaned using acetone and clamped onto two bare
fiber holders (Newport 561-FH). The optical fiber and fiber holders were immersed in
distilled water during fabrication. The fiber assembly was mounted on a computercontrolled three-axistranslation stage (Newport, Inc.) with a resolution of 0.1 μm. The fs
laser beam was focused inside the optical fiber through a water immersion objective lens
(Olympus UMPlanFL 20x/60x) with a numerical aperture (NA) of 0.4 or 0.9,
respectively. The spot size of the focused beam was about 5 μm in fiber due to the much
higher pulse energy for 20x lens, while for 60x lens, the spot size can be reduced down to
2 μm with the pulse energy of 0.4 μJ. The velocities of the stages were set at 1 μm/s
during fabrication.

5 μm

z
x

20 μm

y

Fig. 5.3. Microscope image of a straight microchannel inside an SMF
fabricated by FLIDW technique.
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A straight microchannel with the diameter ~ 5 μm was fabricated in the x-y plane
using FLIWD method and the microscope image is shown in Fig. 5.3. Obviously, the
roughness of the microchannel surface is not smooth enough, which means the optical
insertion loss might be extremely high. If higher NA microscope objective was adopted,
the result can be significantly improved. However, high NA lens is hard to operate and
easy to be affected by spherical aberration issue.
Alternatively, FLICE technique was investigated to get a better result for the
fabrication of 3D hollow structure inside an optical fiber. The block diagram of FLICE
technique is much similar to laser irradiation micromachining system. In this case, the fs
laser beam can be focused inside the optical fiber through either a water immersion
objective lens (Olympus UMPlanFL 20x) with a numerical aperture (NA) of 0.4 or an oil
immersion lens (Olympus UMPlanFLN 100X , NA = 1.3) with the index matching oil of
RI = 1.464 (Cargille Laboratories). The actual laser energy used for fabrication was
approximately 0.4 μJ or 0.2 μJ per pulse for two different microscope objectives. So the
spot size of the focused beam was about 2 μm or 0.5 μm in fiber. The velocities of the
stages were set at 10-50 μm/s during fabrication. After laser irradiation, the fiber was
well cleaned in acetone solution and DI water to fully remove the residue index matching
oil. Then the HF etching process was conducted. This technique offers great simplicity
and flexibility to produce buried 3D structures with high aspect ratios in transparent
materials [265]. The etching rate of a laser-modified region was found to be two orders of
magnitude higher than that of the unexposed region in silica materials. As a result, such
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hybrid technique has been adopted for fabrication of optofluidic devices in planar sample
and optical fibers [260, 266].
It should be noticed that the etching rate in the germanium-doped core of the SMF
is much faster than that in the fiber cladding. The respective reactions can be found as
follows [267-268]:
SiO2 + 4HF  2H3O + SiF6 2-

(5.1)

GeO2 + 4HF  2H3O + GeF6 2-

(5.2)

The reactions are driven by different dissociation energies of the Si-O bond
(799.6 kJ/mol) and Ge-O bond (660.3 kJ/mol) [269]. Therefore, smaller pulse energy is
needed in fiber core for exciting the electrons from valence band to conduction band,
leading to a concave surface profiles inside the fiber core during HF etching process. One
possible solution is using HF solution (Acros Organics) with low concentration (i.e., 5%)
for the etching of microchannels in SMFs. However, there is a tradeoff between the
quality of the channel and the consuming of the time. Typically, lower concentration of
HF etchant will consume longer time, then a better quality of microchannel will be
formed and verse versa. Actually, by using HF solution as etchant solely, the etching rate
difference between the fiber core and cladding is quite small due to the low doping
concentration of GeO2 in SMFs.
Here is an example to show how we can use FLICE to fabricate a blind microhole
inside a SMF. High NA (1.3) oil immersion objective was used for laser irradiation and
low NA (0.4) water immersion lens was adopted for quality check. After laser irradiation,
the fiber was cleaned with acetone and DI water and then etched with 5% aqueous HF
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solution for approximately 15 mins to fully open the blind microhole. Fig. 5.4 (a) shows
the laser irradiated structure before etching and Fig. 5.4 (b) shows the blind microhole
formed inside the SMF after HF etching process. The diameter of the microhole is about
1 μm. In addition, we cannot see obvious difference between fiber core and cladding after
HF etching. The proposed example indicates the potential of fabricating high quality 3D
hollow structure inside SMFs using our fs laser micromachining system.
(a)

(b)

d = 1 μm
d = 0.5 μm
z

z
x
y

x

20 μm

y

20 μm

Fig. 5.4. Microscope images of a blind microhole inside an SMF
fabricated by FLICE technique. (a) Before HF etching and (b) after HF etching.

5.3 Example: All-in-fiber optofluidic sensor
In this subsection, an assembly-free, all-in-fiber optofluidic sensor was proposed
as an example for RI sensing in optofluidic systems. FLICE technique was adopted for
the fabrication of such advanced fiber optic sensor.
In our previous work, the fs laser ablation technique was used to micromachine
FP cavities on optical fibers for various sensing applications such as RI [81] and pressure
[270] measurement. It has been proven that the formed FP cavity is insensitive to the

119

ambient temperature. However, it was also found that the open cavity structure [81] was
sensitive to fiber bending and easy to break. Here, we propose a prototype all-in-fiber 3D
optofluidic micro device fabricated by the FLICE technique. The FLICE technique has
been proved for rapid fabrication of embedded 3D channels with flexible orientations
inside an optical fiber (Figs 5.4 (a) and (b)). To demonstrate the feasibility, we fabricated
and tested all-in-fiber optofluidic devices consisting of horizontal and vertical
microchannels. The horizontal microchannel can be conceived as a FP cavity while the
vertical ones are the inlets/outlets to the cavity.

5.4 Operation principle and sensing mechanism

I2

I1

H

Fiber core

L
Cavity length

Fiber cladding

Fig. 5.5. Schematic of the all-in-fiber optofluidic device.

Figure 5.5 illustrates the schematic of the prototype all-in-fiber optofluidic device,
where a horizontal fluid-holding cavity is embedded in the center of a single-mode fiber
and four vertical microchannels are punched through the fiber cladding to allow liquid
access to the cavity. The device is fabricated in two steps: 1) irradiation of the selected
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regions (the rectangular cavity and vertical channels) with focused fs laser pulses; 2)
selective etching of the laser modified zones using the HF solution.
Optically, the horizontal cavity also functions as a FP cavity. The light propagates
inside the fiber and reflects at the two air/silica endfaces of the cavity. The light
intensities of the reflected beams by the two surfaces of the FP cavity are denoted as I1
and I2, respectively, superimpose to generate an interference pattern. The FP
interferometer can be modeled using the following two-beam optical interference
equation [201],
 2 OPD

I  I1  I 2 +2 I1I 2 cos 
+0 




(5.1)

where I is the intensity of the interference signal, 0 is the initial phase of the interference
(normally equal to zero), and  is the optical wavelength in vacuum. The round-trip OPD
of the FP interferometer is given by:

OPD  2ncavity L

(5.2)

where ncavity is the RI of the cavity medium and L is the length of the cavity length. At the
valleys of the interferogram in spectrum domain, the phase difference of the two reflected
light beams satisfies the condition of coherently destructive interference,

4 ncavity L

m

 0  (2m  1)

where m is an integer; m is the wavelength of the mth order interference valley.
Similarly, FSR can be expressed as,
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(5.3)

FSR 

2
2ncavity L

(5.4)

According to Eq. (5.3), taking the derivative of n with respect to λm, one finds,

dn  (2m  1)  0 

d m
4 L

(5.5)

Assuming the cavity length L is maintained constant during measurement, Eq.
(5.5) indicates that the RI is a linear function of the wavelength at interference valley,
then the sensitivity of the FP interferometer is a constant. The amount of RI change (Δn)
can thus be computed based on the wavelength shift of a specific interference valley
using the following equation,
n m

n
m

(5.6)

where the relative RI change is directly proportional to the spectral shift of the
interferogram.

5.5 Sensor fabrication
FLICE technique with low NA objective was adopted for the sensor fabrication
and details can be found in Subsection 5.2. In order to fabricate a high quality FP cavity,
the following steps were adopted. First, a rectangle region, with the dimension of L×10
×H μm, was inscribed in the center of the fiber using fs irradiation from the bottom to
the top (z direction, as shown in Fig. 5.2(a)), where L and H denote the length and height
of the micro-cavity, respectively. The center of the inscribed region is aligned with the
center of the fiber core. Second, the irradiation position of the vertical channels was
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chosen. The laser was initially focused at the center of the fiber core. Then the stage was
moved along the z direction to make sure the fs laser beam can irradiate a straight line
along the z direction. After one side fabrication, the fiber was then rotated by 180°to
fabricate the channels on the other side following the same procedure. After fs laser
irradiations, the sample was dipped into a HF solution with a concentration of 20% for
about 10 minutes. The actual etching time may depend on the HF concentration and
cavity dimensions. As the final step, the etched sample was cleaned in an ultrasonic bath
filled with distilled water and dried in air. The embedded cavity was close to the end of
the fiber to minimize the possibility of device breakage due to fiber bending.
Figure 5.6 (a) shows the microscope image of a fabricated all-in-fiber optofluidic
device, where the cavity length L and the cavity height H are about 55 μm and 20 μm,
respectively. Figure 5.6 (b) shows the top view of the device. The diameter of the vertical
microchannels is about 5μm.

(a)

L

(b)

H

60 μm

60 μm

Fig. 5.6. (a) Microscope image of the fabricated all-in-fiber optofluidic device: the length
L and the height H of the FP cavity are 55 and 20 μm, respectively.
(b) Top view of the fiber device.
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5.6 Interoferogram of the proposed sensor
The fabricated all-in-fiber optofluidic device was interrogated using a broadband
light source with wavelength range from 1520 nm to 1620 nm. A 3 dB fiber coupler was
used to route the light into and out of the device. The interference spectrum was recorded
by an OSA (AQ6319). Fig. 5.7 shows the reflection spectra of the all-in-fiber optofluidic
device with the FP cavity length of 35 μm and 55 μm, respectively. The FSRs of these
two interferometers are 36 nm and 21 nm, respectively, which matched well with those
calculated using Eq. (5.4). The clean interference pattern with a large fringe visibility of
20 dB was obtained with the cavity length of 55 μm. The device with 35 m of cavity
length had a fringe visibility of about 12 dB. The excess losses of both devices were
about 18 dB, which was mainly caused by the roughness of the cavity surfaces. To a
certain extent, the surface quality can be improved by tuning the laser irradiation power,
adjusting the concentration of HF solution (i.e., 5%) and the etching time (i.e., ~45 mins).

Fig. 5.7.Reflection spectra in air of the all-in-fiber optofluidic devices
with cavity lengths of 35 and 55 μm, respectively.
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5.7 Experimental results
The all-in-fiber optofluidic device with a cavity length of 55 μm was tested for its
capability of RI measurement at room temperature. The vertically placed sensor probe
was directly immersed into the sucrose solutions with different concentrations of 0.00,
1.00, 2.00, 3.00, 4.00, 5.00, 6.00, 7.00, 8.00 and 9.00 (unit: percentage). The
corresponding RIs are 1.3333, 1.3344, 1.3359, 1.3373, 1.3388, 1.3403, 1.3418, 1.3433,
1.3448 and 1.3463, respectively. More information can be found in Appendix A-1. The
ultrasonic bath was used to assist the liquid to flow into the embedded FP cavity during
tests and to ensure no air bubble left in the cavity. In each measurement cycle, the device
was carefully cleaned using acetone, DI water and dried after each measurement to
ensure there was no residual liquid left within the cavity, indicated by the interference
spectrum restored to its original in air.
The time needed for ultrasonic bath assisted sample loading was about 10 seconds.
In comparison, it took about 16 minutes to load the cavity without the ultrasonic bath. It
is worth noting that the purpose of this thesis is to demonstrate the potentials of using the
FLICE technique to fabricate embedded 3D structures inside an optical fiber and the
feasibility of integrating the fluidic channels with a fiber sensor towards optofluidic
applications. It is envisioned that other microfluidic components can be fabricated on the
surface or inside the optical fiber using the same technique to facilitate the fluidic
transport and storage. When integrated with the extra fluidic components, the use of
ultrasonic bath becomes unnecessary because the standard sample loading method, e.g.,
syringe pumping, shall be able to load the samples.
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Figure 5.8 (a) shows the interference spectra of all-in-fiber optofluidic device in
the sucrose solutions at various concentrations of 0%, 2%, 4%, and 6%, respectively. As
the RI increased, the interferogram shifted towards the long wavelength region (red shift).
Fig. 5.8 (b) plots the center wavelength of an interference valley (1567.6 nm) as a
function of the RI of the liquid. Linear regression was used to fit the response curve and
the slope of the fitted line was calculated as the RI sensitivity, which was estimated to be
1135.7 nm/RIU in the tested RI range. Similar responses were obtained using the device
with the cavity length of 35 m. The length of the cavity should be limited to several
hundred microns to avoid the excess optical loss caused by the divergence of the optical
beam propagating inside the FP cavity [271].

Fig. 5.8. (a) Interference spectra and (b) center wavelength of an interference valley
(1567.6 nm) of the all-in-fiber device in sucrose solutions with different concentrations.
.
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5.8 Conclusion
In summary, an all-in-fiber 3D optofluidic micro device was fabricated by FLICE
technique. Horizontal and vertical microchannels can be flexibly created into an optical
fiber to form a fluidic cavity with inlets/outlets. The fluidic cavity also functions as an
optical FP cavity in which the filled liquid can be probed. This assembly-free micro
device exhibited a high fringe visibility and demonstrated for measurement of the RI of
the filling liquids. The proposed all-in-fiber optofluidic device is flexible in design,
simple to fabricate, mechanically robust, and miniaturized in size, showing good
potentials for chemical/biomedical sensing and integrated microfluidic applications.
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CHAPTER SIX
APPLICATIONS OF LASER INDUCED STRESSES
Fs laser micromachining has been proven to be a good candidate for transparent
material removal and modification, and can be applied to both absorptive and transparent
substances [13]. In addition to create a smooth, positive index change of waveguide
modification, waveguides can also be inscribed using modifications of negative index
change by forming a depressed cladding around an unmodified region [272]. As a result,
laser induced stresses can be generated and the optical properties (i.e., birefringence)
within the unmodified region can be engineered. In this chapter, we transfer this idea
from bulk substrates [273-274] to optical fibers and demonstrate a new technique to
generate optical birefringence in optical fibers using fs laser induced stresses. Stressinduced birefringence is realized and entailed the capability to fabricate advanced fiber
optic devices. Polarization dependent devices, including fiber inline waveplates and
polarizers, are proposed as examples. The proposed in-fiber polarization devices may be
useful in optical communications and fiber optic sensing applications.

6.1 Review of existing fiber inline polarization devices
Polarization manipulation, especially in optical fiber, is very important to the
applications of optical communications and fiber optic sensing [42, 44]. Compared to the
existing fiber inline polarization devices (i.e., waveplates and polarizers), the urgent
requirement is implementing polarization controlled functions in an all-fiber form,
especially in SMFs, with minimum insertion loss and desirable performance.
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A SMF supports two orthogonally polarized modes. In an ideal circular-core SMF,
these two modes propagate with the same phase velocity. However, practical SMFs are
not perfectly circularly symmetric. The two polarized modes propagate with slightly
different phase and group velocities, resulting in an intrinsic birefringence in a
conventional SMF. The intrinsic birefringence varies with time and location. In addition,
random environmental effects such as twisting, bending and temperature variations could
also introduce unknown birefringence. These environmental factors could also couple
energy from one polarization mode to the other. In general, the polarization manipulation
of a light wave propagating through a SMF is still random and unknown.
A number of methods have been reported to create an additional birefringence of
a large amount in SMFs. The created additional birefringence is much larger than the
intrinsic birefringence. As a result, the random intrinsic birefringence of the SMF is
suppressed. For example, bending a SMF into coils can create additional birefringence as
a result of asymmetric stress [275]. This mechanism has been utilized to develop
polarization controllers. However, although the amount of birefringence can be flexibly
controlled by manipulating the coil, the large size and instability of the mechanical
apparatus makes it impractical in field applications. It has also been shown that a large
amount of birefringence can be generated by tapering a rectangular-shaped single-mode
fiber [276]. Subsequently, miniaturized polarization mode interferometers have been
made possible based on the tapered rectangular-shaped fibers.
High birefringence (Hi-Bi) or polarization maintaining (PM) optical fibers (e.g.,
panda, bow-tie or elliptical core) have a large built-in birefringence and can be used to
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fabricate all-fiber waveplates. The amount of phase retardation depends on the fiber
birefringence and the length of the fiber. For example, PM fiber based inline waveplates
have been fabricated by precise cleaving and controlled splicing [277]. However, it is
hard to control the exact length of the PM fiber during cleaving and fusion splicing. It has
also been reported that an anisotropic photonic crystal fiber (PCF) can be highly
birefringent [278]. A large amount of birefringence can be generated by deforming an airholed photonic crystal fiber from its side, introducing an ellipticity in both the core and
the air holes [279]. The amount of birefringence can be controlled by the degree of
compression. However, in addition to the difficulty in the practical implementation of
such a large deformation, PCFs are expensive, difficult to splice, and could be lossy when
heavily deformed [280].
All-fiber polarizers have also been reported by various researchers over the years.
Examples include the in-fiber polarizer based on the side-polished or D-shape fibers
coated with optical absorbing materials on the flat side [281-282], the in-fiber polarizer
based on mechanically bending a Hi-Bi fiber [283], and the PCF in-line polarizer based
on a LPFG fabricated using CO2 laser irradiations [284], and the in-fiber polarizer based
on tilted FBG [285]. These reported devices have shown good extinction ratios but most
of them used specialty fibers except for the tilted FBG with simple structure and low cost
benefit.
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6.2 Possible solutions
It has been reported that fs laser irradiations can generate birefringence in
transparent materials [286-287]. Recently, a FBG written by a fs laser has been reported
to have a high birefringence [288] and a strong birefringence tuning around fiber core
using fs laser was also demonstrated [289].
In this chapter, we report a new technique to generate birefringence in a SMF by
creating two parallel stress rods in the fiber cladding using a fs laser. The position and
size of the fs laser induced stress rods were optimized to minimize the insertion loss. By
controlling the total length of the stress rods, the amount of birefringence could be
precisely controlled to fabricate waveplates of desired retardations. Polarization
dependent LPFGs were fabricated by introducing periodic stress rods along the fiber,
showing the promise of being used as an in-fiber polarizer.

6.3 Device principle and simulations
6.3.1

Device principle

It is well known that mechanical stresses produce additional refractive index
change in optical materials because of the photoelastic effect. As a fact, commercially
available Panda and Bow-tie PM fibers are fabricated by intentionally implanting axial
stress rods along the fiber. The stress rods introduce asymmetric index profile in the cross
section of the fiber, resulting in a systematic birefringence along the fiber.
Based on the same principle, we can use fs laser micromachining to create
distributed cuboid stress patterns in the cladding region of a single-mode optical fiber and
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produce controlled birefringence along the fiber. As shown in Fig. 6.1, each pair of fs
laser ablated patterns are in parallel and very close (within several microns) to the fiber
core. The two ablated patterns create certain amount of normal stresses to the fiber core.
Because the ablated patterns are asymmetric radially in the cross section, it is expected
that an asymmetric index profile is created within the fiber, which shall result in a
birefringence to the light propagating along the fiber.
The length, width, and height of each cuboid stress rod are denoted as L1, W and
H, respectively. The distance between each two adjacent rods and the offset between the
rod and the fiber core are L2 and D, respectively. The amount of birefringence will
depend on the amount of stress or the distance (D) between the ablated region and the
fiber core. A smaller D usually results in a large stress but may also cause larger loss.
The laser ablation induced birefringence allows us to fabricate in-fiber waveplates
of desired polarization rotations. As shown in Fig. 6.1(b), each pair of laser-ablated rods
produces a small amount of rotation in polarization. As the number of pairs increases, the
total amount of polarization rotation will increase correspondingly. The amount of
polarization rotation can thus be controlled to fabricate waveplates of desired polarization
rotations.
In addition to in-fiber waveplates, the ability to precisely control the birefringence
of a single-mode fiber at specific locations also allows us to fabricate an in-fiber polarizer.
As shown in Fig. 6.1 (b), with an appropriate period and spacing, the periodic cuboid
stress patterns can form a LPFG. Because of the birefringence, the two orthogonally
guided polarization modes (0°and 90°) have different propagation constants and effective
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refractive indices [290]. As a result, the two polarization modes will be coupled to their
corresponding cladding modes at different wavelengths, creating polarization dependent
losses (PDL) at different wavelengths.

Fig. 6.1. Schematic illustration of stress rods created by fs laser micromachining
inside an optical fiber: (a) Cross-section view; (b) top view.

6.3.2

Simulations based on LPFG theory

LPFG Theory: Consisting of a periodic RI modulation in the core of a SMF, a
LPFG couples light from the fundamental core mode (linearly polarized (LP) mode, LP01)
to a specific cladding mode (LP0j). Due to the high loss of the cladding mode, an
attenuation peak can be observed at a specific wavelength (so-called the resonant
wavelength) in the transmission spectrum. In this subsection, we studied and
demonstrated the modeling aspects of LPFG in a SMF such as the core effective
index/propagation constant, cladding effective index/propagation constant, coupling
coefficient, coupled mode theory (CMT), and transmission spectrum of the LPFG using a
simplified two-layer fiber geometry [291]. We simulated the results with the help of
MATLAB.
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The CMT has been proven to be a useful tool for modeling LPFGs. Typically,
three steps are taken in the grating spectra simulation process. The first step is to
calculate the propagation constants of the core and cladding modes, respectively. The
schematic and coupling mechanism of LPFG structure is shown in Fig. 6.2. The radius of
fiber core and cladding are αco and αcl, respectively. The refractive indices of the fiber
core, fiber cladding and the surrounding medium are nco, ncl, and next (nair), respectively.

next

Cladding mode
(i.e., LP02)

Fundamental
core mode (LP01)

SMF

LPFG length L

nco
Input

y

αco
Λ

ncl

Input

x
αcl

Output

Fig. 6.2. Mode coupling in LPFG and the transmission spectrum.

To reduce the computational complexity, the core and cladding modes are
approximated to be the LP modes under assumption of weak waveguide guidance. The
scalar approximation analysis is applied to obtain the LP modes. The transverse electric
field components in the fiber core, fiber cladding and surrounding refractive index
medium are given by
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where β0j is the propagation constant of LP0j mode (j = 1, 2, 3, . . .), R(r) is the radial
variation of the modal field;  0 j ,i 

k02 ni2   02j is the magnitude of the transverse

wavenumber; ϕ is the azimuthal angle; A0j,i and B0j,i are the normalized field expansion
coefficients determined by the boundary conditions within each layer i (i.e., the core,
cladding and the surrounding medium); J0 and Y0 are the ordinary Bessel functions of
first and second kind of zero order, respectively; I0 and K0 are the modified Bessel
functions of first and second kind of zero order, respectively.
Then, the dispersion equation is applied to calculating the propagation constants
of the two-layer cylindrical waveguide structure. During this process, the coefficients A0j,i
and B0j,i in each layer are also calculated and normalized. The power carried by every
mode P0j is given by
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where ω is the optical frequency and μ0 is the permeability of vacuum.
In the second step, the coupling coefficients among different modes are computed
by combining permittivity variation of the grating and transverse fields into the 2D
integration. The longitudinal coupling coefficients are several orders of magnitude
smaller than the transverse coupling coefficients for fiber modes. As a result, the
transverse coupling coefficient (K0j,uk) is dominant and given by
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where ζ0j,uk is the coupling constant between any two modes, given by
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Once the propagation constants and coupling coefficients are calculated, the next
step is to simulate the fiber grating spectra by solving the following coupled differential
equations,
M
dF0 k ( z )
  j  K 0 j ,0 k F0 j ( z ) exp( j (  0 j   0 k ) z )
dz
0j

for k  1, 2,...M

(6.5)

where F0j is the normalized amplitude of the jth mode.
In addition to calculation of the transmission spectrum using computational
methods, the central wavelengths of the attenuation bands of a LPFG can be determined
using the following modified first-order phase matching condition,
( 01 ( )  s0 01,01 ( ))  (  0 j ( )  s0 0 j ,0 j ( )) 

2


(6.6)

where ζ01,01 and ζ0j,0j can be calculated using Eq. (6.4).
Figure 6.3 plots the simulated spectra of LPFGs inscribed in SMFs with the
birefringence (B) of 5.0×10-5 and 1.0×10-4, respectively, according to the procedures
detailed in [292]. The parameters used in the simulations included a core diameter of 8.2
μm, cladding diameter of 125 μm, core refractive index of 1.4682, cladding refractive
index of 1.4630, grating period of 475 μm and grating length of 50 mm. For one
polarization mode, we use the core refractive index listed above. For the other
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polarization mode, we modify the core refractive index according to the assumed
birefringence value. As shown in Fig. 6.3, the birefringence produces two different
resonant wavelengths for the two polarization modes. The difference between the
resonant wavelengths (Δλ) is 25 nm for a birefringence of 5.0×10-5, and 50 nm for a
birefringence of 1.0×10-4. The two polarization modes have different transmission losses
at different wavelengths. The device can thus be used as a polarizer at the resonant
wavelength of the LPFG, where one polarization has a large loss but the other
polarization transmits through with a negligible loss.

Fig. 6.3. Simulated spectra of two LPFGs inscribed on the SMFs with
birefringence (B) of 5.0×10-5 and 1.0×10-4, respectively.

The low order mode LPFG usually has a narrow full width at half maximum
(FWHM) of a few nm at the resonant frequency. To achieve broadband operation, the
high order mode or the so-called turn around point LPFG (TAP-LPFG) is an ideal
structure. The TAP-LPFG is a point on the dispersion curve of the cladding mode of
LPFG at which the two resonance wavelength coincide with each other. The resonant
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wavelength FWHM of a TAP-LPFG can be as big as 100 nm [292]. Using the same
simulation method, the spectra of TAP-LPFG with different birefringence values are
calculated and shown in Figs. 6.4 (a) and (b). The simulation uses the same parameters as
the ones above, except that the grating period is 228 μm and grating length is 25 mm. In
the simulation, TAP is hit at 228 μm period with the core RI of 1.4682, and the spectrum
is shown as the black curve. Taking it as one polarization mode, the other polarization
mode spectrum is calculated by varying the core RI. From the simulation results we can
see that a birefringence value of 5×10-5 or higher will make the spectrum of the other
polarization mode to be almost flat.

Fig. 6.4. Theoretical evaluation of the performance of polarization dependent
TAP-LPFG : (a) negative trend (curve at 0°represents one polarization mode, while the
other four curves at 90°represent the other polarization mode with negative values of
birefringence); (b) positive trend ( curve at 0°represents one polarization mode, while the
other four curves at 90°represent the other polarization mode with positive values of
birefringence).
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6.4 Device fabrication
Fs laser beam

Type 1

Polarization
controller

Objective lens
(20X Water
Immersion)
Fiber holder

Water tank

Tunable laser
SMF

Type 1

Polarization
analyzer

Three-axis stage
Broadband
Source
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In-line
Polarizer

Halogen light

Type 2

Fig. 6.5. Experiment setup for fabrication of in-fiber polarization devices using
the fs laser irradiation technique. Two types of interrogation systems were used for
different cases.

Figure 6.5 shows the experimental setup for fabrication of in-fiber polarization
devices. The fs laser beam used for fabrication was similar to the one mentioned in
Chapter 5. A standard single-mode optical fiber was buffer-stripped in fabricating regions,
carefully cleaned using acetone and then clamped by two bare fiber holders (Newport
561-FH). During fabrication, the fiber was immersed in distilled water. The optical fiber,
fiber holders and water tank were all mounted on a high-precision, computer-controlled
three-axial translation stage (Newport, Inc.) with a resolution of 0.1 μm. The fs laser
beam was focused inside the optical fiber through a water immersion objective lens
(Olympus UMPlanFL 20x) with a numerical aperture (NA) of 0.4. The spot size of the
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focused beam was about 1 μm. The scanning velocity of the stage was set at 100 μm/s.
The energy used for fabrication was 0.4 ~ 0.5 μJ per pulse.
Two types of in-situ monitoring systems were used to monitor the performance of
the polarization devices during the micromachining process as shown in Fig. 6.5. During
waveplate fabrication, a tunable laser (Agilent 8168A), a polarization controller and a
lightwave polarization analyzer (Agilent, 8509B) were used for in-situ monitoring the
polarization states while the stress rods were being added. During fabrication of the
LPFG-based polarizer, a broadband source (1300-1700 nm), a fiber inline polarizer
(Thorlabs ILP1550SM-FC), a polarization controller and an OSA (AQ6319) were used to
measure the polarization dependent spectra of the LPFG.

Fig. 6.6. Microscopic images of two stress rod pairs fabricated inside a SMF using
fs laser irradiations: (a) Top view and (b) side view.

Figures 6.6 (a) and (b) show the microscopic images of the stress rods fabricated
inside a single-mode fiber. Pairs of stress rods were symmetrically fabricated inside
cladding of the fiber. The dimension of stress rod was about 100×10×20 μm. The rods
were fabricated by fs laser irradiations layer-by-layer starting from the bottom to the top

140

to avoid focusing through previously modified regions. The distance between two
adjacent stress rods (L2) was 10 μm. The offset between the stress rod to the core (D) was
10 μm.

6.5 Parameters optimization
The offset D is a critical parameter that could affect the performance of the device.
In general, a small D would result in a large amount of stress to the fiber core, thus a
large index modulation and birefringence. However, if D is too small, the stress patterns
may induce a large optical loss to the light propagating inside the fiber core.
Table 6.1 The experimental results during the optimization process
Offset D (μm)

Number of stress pairs
(n)

Total transmission loss
(dB)

Transmission loss
per pair (dB)

2
5
10

9
13
16

11.36
4.35
0.19

4.93
1.89
0.08

Experiments were conducted to investigate the influences of D on the optical loss.
Table 6.1 shows experimental results for three different offsets of 2, 5 and 10 μm. To
improve the measurement accuracy, the transmission loss per pair was calculated based
on the total transmission loss of multiple pairs of stress rods in each experiment. When
the stress rods were very close to the fiber core (D = 2 μm), the loss was 4.93 dB/pair
which was unacceptably high. Increasing the offset to 10 μm, the loss was reduced to an
acceptable value of 0.08 dB/pair. Based on the results, the offset D was set to 10 μm
during the fabrications of the waveplate and the polarizer.
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6.6 Example 1: Fiber inline quarter waveplate
To fabricate a fiber inline waveplate, pairs of stress rods were fabricated inside
the fiber cladding. The dimension of each stress rod was 100×10×20 μm. The distance
between the two adjacent pairs of stress rods was 10 μm. The offset D was 10 μm. Each
pair of stress rods would add a little bit birefringence to the fiber. By controlling the
amount of accumulated birefringence, waveplates of different phase shifts (e.g., quarterwave and half-wave) could be fabricated.
We first set the wavelength and the output power of the tunable laser to 1550 nm
and 0 dBm, respectively. By adjusting the polarization controller, the initial polarization
state seen at the polarization analyzer was set at the +45° linear polarization in the
equator with the Stokes vector of {0.00, 1.00, 0.00} on the Poincarésphere (Fig. 6.7). Fig.
6.7 also shows the five measured polarization states of the transmitted light on the
Poincarésphere, seen at the polarization analyzer, after adding 4, 8, 14, and 16 pairs of
stress rods into the cladding. The measured Stokes vectors were {0.00, 0.97, -0.21},
{0.01, 0.79, -0.60}, {0.01, 0.30, -0.94} and {0.00, 0.00, -0.99}, respectively.
After implanting 16 pairs of stress rods, the polarization state changed from the
original +45°linear polarization to the left-handed circular polarization, indicating of a
90°rotation in polarization. In other words, the 16 pairs of stress rods created a quarter
waveplate inside the single-mode fiber. The insertion loss after adding 16 pairs of stress
rods was measured to be 0.19 dB. The PDL of this in-fiber quarter waveplate was 0.21
dB measured using the lightwave polarization analyzer. It is interesting to note that the
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marked positions along the longitude of the Poincarésphere indicate that the polarization
states can be precisely controlled and gradually changed during the fs irradiation process.

Fig. 6.7. Stress rods induced polarization changes in a SMF shown on a Poincarésphere.

The 16 pairs of stress rods induced a total phase retardation of π/2 to the two
orthogonal polarization modes. That is,
2



Bf

 L1 16  


2

(6.7)

where λ is the optical wavelength in vacuum, and Bf is the birefringence of the fiber
created by the stress rods, defined as [293],
B f  nx  ny

(6.8)

where nx and ny are the effective refractive indices of the two orthogonal polarization
modes, respectively.
In our experiments, the optical wavelength λ was set at 1550 nm, and the length of
the stress rod was L1 = 100 μm. Based on the Eqs. (6.7) and (6.8), the stress-induced
birefringence Bf was about 2.4×10-4. The birefringence created by fs laser fabricated
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stress-rods is close to that of typical polarization maintaining fibers (PMFs) [294-295],
such as the panda fiber (3.1×10-4) and the bow-tie fiber (3.8×10-4).
It should be noted that the fabrication efficiency for practical applications can be
significantly improved by increasing the scanning speed of the stages, reducing the
dimension of each stress rod or combining with the Galvo scanning system.
Three quarter waveplates were fabricated using exactly the same parameters. The
measured Stokes parameters were {0.03, 0.00, 1.00}, {0.00, 0.00, -0.99}, {0.00, 0.02,
1.00}, respectively. The small variations in Stokes parameters (S1: 0.017, S2: 0.012, S3:
0.006) indicated that the fabrication process was repeatable.

6.7 Example 2: Fiber inline polarizer based on LPFG
To fabricate the in-fiber polarizer based on a birefringent LPFG, the following
parameters were used. The grating period (L1+L2) of the LPFG was set at 460 μm, where
the length L1 remained to be 100 μm but the spacing between the adjacent pairs was
increased to 360 μm. The height H was decreased to ~3 μm and the width W was set at 4
μm to reduce the fabrication time. The offset D was also reduced to 8 μm. The pulse
energy of the fs laser was adjusted to 0.5 μJ.
The transmission spectrum of the LPFG was in-situ monitored using the
combination of a broadband source, polarization controller and OSA as shown in Fig. 6.5
(Type 2). The incident light was maintained the same polarization during the entire
device fabrication. Fig. 6.8 shows the transmission spectra of the fabricated LPFG with
the increasing number of stress rods pairs. As more stress rods being added to the fiber,
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more light energy was coupled out from the core mode to the cladding modes. After
adding 100 pairs of stress rods, the cladding mode with the highest transmission loss had
the resonant peak wavelength of 1523.7 nm, the peak transmission loss of about 9 dB,
and the insertion loss less than 2 dB.

Fig. 6.8. Transmission spectra of the LPFG with increasing number of stress rod
pairs at a preset input polarization.

After device fabrication, we scanned the input polarization state to study the
polarization dependence of the fabricated LPFG. As shown in Fig. 6.9 (a), by slightly
changing the input polarization, the strongest coupling (black line) of about 22 dB at the
wavelength of 1523.9 nm was obtained. Continual change of the input polarization
resulted in a weakest coupling (red line) at the same wavelength of 1523.9 nm but the
strongest coupling at the wavelength of 1486.8 nm. Fig. 6.9 (b) shows the zoomed in
spectra of two polarization states in the wavelength range of 1500-1540 nm, clearing
indicating the wavelength dependent PDL. Such phenomena agree well with the
simulation results shown in Fig. 6.3, which proves the principle of the in-fiber polarizer.
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Fig. 6.9. Transmission spectra of in-fiber polarizer based on the stress-rod LPFG
at two orthogonal polarizations. (a) Spectrum in the entire range;
(b) zoom in spectrum of the cladding mode with the highest transmission loss.

It should be noted that unexpected ripples appeared on the transmission spectra of
the fabricated LPFG. This may be caused primarily by imperfections of the stress rod
pairs during fabrication of such a long device (i.e., a LPFG of 4.6 cm in length). The
stress-induced refractive index change and its distribution in the fiber core are sensitive to
the strength of fs laser irradiations the offset D. Although care attention has been paid to
maintaining the uniformity of irradiation and keeping the same offset D for all pairs,
slight variations may still exist. In addition, the critical coupling polarization was slightly
different from the preset polarization. We believed that this small difference might be
caused by the initial misalignment of the stress rod pairs. The insertion loss of the LPFG
seemed to be higher than that of the waveplate. This is caused by the smaller offset D and
the larger number of stress rods. Nevertheless, the principle of the proposed device has
been proven and the performance of the in-fiber polarizer may be improved by further
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optimizing the dimension of stress rod pairs, and the laser irradiation parameters such as
the pulse width and energy.
The device shown in Fig. 6.9 (b) exhibits a high polarization extinction ratio of
more than 20 dB at the resonant wavelength of 1523.9 nm. However, the spectral range
(or bandwidth, FWHM ~11 nm) of the fabricated device is much smaller than that of
most bulk polarizers (~100 nm in bandwidth), tilted FBG based in-fiber polarizer [285]
and insufficient for many applications. Future work will focus on the simulation of the
polarization dependent spectral characteristics of the LPFG in correlation with the
fabrication parameters, such as the D, H, W, L1 and L2. Another possible solution to
increase the bandwidth and polarization extinction ratio is to design and fabricate
broadband LPFGs, such as the TAP-LPFG [292] or other high order mode LPFGs, as
illustrated in the following part.
According to the simulation results (Fig. 6.4), a TAP-LPFG may have a chance to
be a better in-fiber polarizer due to the broadband attenuation peak (FWHM ~ 100 nm).
Fig. 6.10 (a) shows the transmission spectra of the fabricated TAP-LPFG with increasing
stress rod pairs in water, which indicates a TAP-LPFG with ~2 dB insertion loss was
obtained after irradiating 200 pairs of stress rod. The grating period (L1+L2) of the TAPLPFG was set at 220 μm, which is close to the simulation set. It should be noticed that
the marked two peaks (Peak 1 and Peak 2) would merge into each other and become one
broader dip when place the TAP-LPFG in air because of the decreasing refractive index
of the surrounding mediums, and such similar phenomenon has been reported in our
previous work in Ref [292]. Twisting the polarization controller to find two characteristic
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polarization states and the maximum polarization extinction ratio (~5 dB) of the TAPLPFG was obtained at 1535.5 nm, as shown in Fig. 6.10 (b).

Fig. 6.10. The transmission spectra of the in-fiber polarizer based on TAP-LPFG:
(a) in different number of stress rod pairs in water (The blue arrow indicates the trend of
finding the critical coupling point.); (b) at two characteristic points in air.

When a tensile strain or bending effect was applied to the fabricated TAP-LPFG
placing in air, the resonant wavelength was shifted toward the short or long wavelength,
respectively. Continually searching until the largest contrast of the attenuation peak (blue
curve) at the wavelength of ~ 1550 nm was found, as shown in Fig. 6.11 (a). Continual
change of the input polarization led to a weakest coupling at the same wavelength, but the
strongest coupling at another wavelength, as shown in Fig. 6.11 (b). Obviously, the
polarization extinction ratio is increased to 10 dB at the operating wavelength of 1537.5
nm. In addition, such TAP-LPFG with a ~2.5 dB insertion loss exhibits a broad
bandwidth of ~100 nm near 1550 nm.
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Fig. 6.11. The transmission spectra of in-fiber polarizer based on TAP-LPFG:
(a) after applying a stretch strain or bending effect in air; (b) at two characteristic
points after applying bending effect in air.

For our in-fiber polarizer based on TAP-LPFG, the required tensile strain or
bending effect can be realized and maintained during the packaging of TAP-LPFG and
the insertion loss can be easily compensated by adding a commercial fiber amplifier.
Meanwhile, it should be noted that unexpected ripples were added on the transmission
spectra of the proposed TAP-LPFG, as shown in Figs. 6.11 (a) and (b). This may be
caused primarily by imperfections of stress rod pairs during such long distance
fabrication. However, it is believed that the performance of the in-fiber polarizer may be
improved by not only optimizing the dimension of stress rod pairs, but also fine-tuning
the parameters (pulse width, pulse energy, etc.) of fs laser.

6.8 Conclusions
Using a fs laser, parallel stress rods were fabricated inside the cladding of a SMF.
These stress rods produced asymmetric refractive index distribution to the fiber core and
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created birefringence in the fiber. The amount of birefringence can be controlled by the
dimension and relative alignment of the cuboid stress rods. The structure robustness and
the insertion loss are also improved, which is contributed by the precision controller
during the fabrication process. The high value of stress-induced birefringence indicates
the capability of polarization controlled optical devices fabricated by fs laser. In addition,
in-fiber polarizers based on LPFG and TAP-LPFG are also obtained using fs laser
micromachining. The polarization extinction ratio over 20 dB at operating wavelength of
1523.9 nm was observed for the low order mode LPFG and a wide bandwidth of 100 nm
at the operating wavelength was obtained for the TAP-LPFG, which exhibit the
capability of polarization devices fabrication using fs laser induced stresses. As a result,
the in-fiber polarization devices are expected to provide a potential solution for optical
communications and fiber optic sensing applications.
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CHAPTER SEVEN
SUMMARY AND FUTURE WORK
7.1 Briefly summary
Fs laser micromachining has been proven a powerful tool for material removal
and modification in transparent materials, especially in optical fibers. Due to its unique
characteristic of ultrashort pulse width and extremely high peak intensity, fs laser can
realize real 3D micromachining in silica or single crystal sapphire with large material
bandgaps. Compared with other laser micromachining methods (i.e., UV laser, CO2 laser
and long pulse lasers), fs laser can offer many unique advantages, such as negligible
cracks, minimal heat-affected-zone, low recast, high precision and 3D structure`s
formation.
Fiber optic sensors and instrumentations capable of addressing special
requirements listed in Chapter 1 are highly demanded for various applications such as
energy control and monitoring in advanced energy systems, chemical/biomedical sensing
in optofluidic systems, and polarization manipulation in optical systems. In order to avoid
the shortcomings generated by assembly structures within the fiber optics sensors, i.e.,
CTE mismatch, free space alignment and huge insertion loss as well as cost increasing
and robust comprising, assembly-free, advanced fiber optics sensors and devices are
extremely needed.
Motivated by developing fs laser processing methods for the fabrication of novel
sensing or monitoring assembly-free sensors and devices in three proposed conditions
with special requirements, this thesis mainly focuses on developing advanced fs laser
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micromachining techniques that would create novel optical fiber sensors and devices with
enhanced robustness, enriched functionalities, improved intelligence as well as
unprecedented performance.
Following are the specific achievements that can be met with this research:
1)

Chapter 2 introduced the establishment a fundamental understanding of fs laser
interacting with transparent materials for guiding the fabrication of high
performance fiber optic sensors and devices. Additionally, improvement and
optimization of our fs laser micromachining systems was involved in Chapter 3.

2) Chapter 4 reported the development of fs laser direct ablation/irradiation technique
for the fabrication of novel fiber optic sensors. Design, modeling, fabrication and
demonstration of novel, assembly-free fiber inline MIs/FPIs for high temperature,
high pressure and dual parameters sensing applications were discussed.
Nanostructured silica/sapphire fiber optic SERS probes were also demonstrated
for ultraweak molecule identification.
3) Chapter 5 investigated our research and development of fs laser processing of
microchannels in optical fibers. Both FLIWD and FLICE techniques were
discussed.

An

all-in-fiber

optofluidic

sensor

was

proposed

for

biomedical/chemical sensing applications (i.e., RI variation of surrounding
medium).
4)

Chapter 6 introduced the development and demonstration of a new technique to
generate optical birefringence in optical fibers using fs laser induced stresses.
Stress-induced birefringence was realized and entailed the capability to fabricate
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advanced fiber optic devices. Assembly-free, polarization dependent devices,
including fiber inline waveplates and polarizers, were proposed as examples.

7.2 Innovations and contributions
The major scientific and technical merits of this work include:
1. A home-integrated fs laser micromachining systems was established and
processing techniques were developed in our lab with capabilities of high
accuracy (sub-micron) micromachining, one step fast ablation or material
modification, suitable for a diverse variety of large bandgap transparent
materials (i.e. fused silica and single crystal sapphire), and focusing inside the
material (underneath the material surface) with 3D capability.
2. A novel fiber inline Michelson interferometer was

fabricated by

micromachining a step structure at the tip of a single-mode optical fiber using
fs laser ablation technique. The step structure splits the fiber core into two
reflection paths and produces an interference signal. A fringe visibility of 18
dB was achieved. Temperature sensing up to 1000 °C and refractive index
sensing application in various concentrations of ethanol solutions were all
demonstrated using the fabricated assembly-free device. The temperature
sensitivity was ~14.72 pm/℃ at specific wavelength and the low refractive
index sensitivity indicated that such device was very suitable for high
temperature sensing measurement.
3. A fiber optic Fabry-Perot interferometric pressure sensor with its external
diaphragm surface thinned and roughened precisely by femtosecond (fs) laser

153

ablation was proposed. The thickness of the micromachined diaphragm (~ 2.6
μm) was closely related to the pressure sensitivity and pressure measurement
range of the proposed device. The laser roughened surface helps to eliminate
outer reflections from the external diaphragm surface and makes the sensor
immune to variations in ambient refractive index. Static pressure (up to 6.895
× 105 Pa) and high temperature (up to 700 ℃ ) measurements were all
investgated using the proposed device. The sensitivity of pressure and
temperature-pressure cross sensitivity were 2.8×10-4 nm/Pa and 15.86 Pa/℃,
respectively, which indicated that the sensor was useful for pressure
measurement in a high temperature environment with low temperature
dependence. The sensor has also been demonstrated for measurement of
autogenic pressures of water vapor up to 200 ℃ .Without temperature
compensation, the pressure measurement results agreed well with those
calculated based on the theoretical model.
4. A new approach of simultaneously measuring temperature and pressure with
fiber inline sensor was presented. This approach utilizes cascaded fs laser
micromachined intrinsic IFPI and EFPI as temperature and pressure sensing
elements, respectively. Experimental results showed that this sensing system
can resolve temperature and pressure unambiguously in a pressure range of 0
to 6.895×105 Pa and temperature range from room temperature to 700 ˚C.
5. Different types of fibers were compared for construction of reflection-based
SERS fiber probes. The probes were made by direct fs laser micromachining
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of nanometer structures on the fiber endface and subsequent chemical plating
of a thin layer of silver. In comparison with the silica fibers, the single-crystal
sapphire fiber has much lower background Raman scattering. The fs laser is
found effective to fabricate high-quality sapphire fiber SERS probes for
detection of weak Raman signals in a reflection configuration.
6. A novel all-in-fiber optofluidic device was fabricated by fs laser irradiation
followed by chemical wet etching. Horizontal and vertical microchannels can
be flexibly created into an optical fiber to form a fluidic cavity with
inlets/outlets. The fluidic cavity also functions as an optical FP cavity in
which the filled liquid can be probed. The assembly-free micro device
exhibited a fringe visibility of 20 dB and demonstrated for measurement of the
RI of the filling liquids. The RI sensitivity was ~1135.7 nm/RIU at specific
wavelength. Meanwhile, high temperature survivability of this micro device
was also demonstrated with the temperature sensitivity of 0.58 pm/℃, which
indicated that the proposed assembly-free all-in-fiber optofluidic device had
lower temperature cross-sensitivity and was attractive for RI sensing
applications in high-temperature harsh environments.
7.

Optical birefringence was created in a single-mode fiber by introducing a
series of symmetric cuboid stress rods on both sides of the fiber core along the
fiber axis using a femtosecond laser. The stress-induced birefringence was
estimated to be 2.4×10-4 at the wavelength of 1550 nm. By adding the desired
numbers of stressed rods, an in-fiber quarter waveplate was fabricated with a
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insertion loss of 0.19 dB. The stress-induced birefringence was further
explored to fabricate in-fiber polarizers based on the polarization-dependent
LPFG structure. A polarization extinction ratio of more than 20 dB was
observed at the resonant wavelength of 1523.9 nm. Polarizers with high order
mode LPFG were also investigated. The in-fiber polarization devices may be
useful in optical communications and fiber optic sensing applications.

7.3 Future work
With the ultimate goal of developing fs laser micromachining techniques for the
fabrication of advanced fiber optic sensors and devices with enhanced robustness,
enriched functionalities, improved intelligence and unprecedented performance, this
dissertation summarized our research efforts and results in laser direct ablation/irradiation,
liquid-assisted laser processing and laser induced stresses techniques. However, both
advanced laser processing and fiber optic sensing research are highly interdisciplinary
area with many challenging issues remaining. Based on the experiences and results
obtained so far, the following suggestions are made in hope to facilitate the future
research along this direction.
1. Although we proposed Michelson interferometer and IFPIs fabricated by fs
laser ablation/irradiation techniques for high temperature sensing application,
the silica materials still cannot survive the extremely high temperature
(~1600C) harsh environment involved in next generation power plant
monitoring and control. The sapphire fiber based sensor is one of the most
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promising candidates for operations in high temperature harsh environments.
However, the following technical issues must be sufficiently addressed
through fundamental research before the sensors can be applied to harsh
environment sensing.
Issue #1: The existing sapphire sensors lack the required robustness and longterm stability. These issues are originated from their fabrication processes
which require the assembly of multiple components, e.g. structural failure
caused by CTE mismatch of neighboring pieces at high temperatures.
Possible solution #1:Research opportunities exist to develop integrated and
assembly-free

sapphire

fiber

sensor

structures,

e.g.,

the

robust,

microstructured sensors by one-step laser micromachining proposed in this
dissertation.
Issue #2: Uncladded sapphire fibers impose a number of undesirable
characteristics for sensing applications, e.g., unpredictable loss and highly
multimode operation.
Possible solution #2: Research opportunities exist in development of novel
cladding materials, structures and coating procedures as well as low NA
excitation techniques to mitigate the problems.
Issue #3: Existing interrogation systems for sapphire sensors are still limited
to optical means. Although Dr. Jie Huang has proposed microwave photonics
concept for the interrogation of Michelson-based sapphire sensor for high
temperature sensing [296], the system was limited by the detection limit (-
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27dBm) of the photodetectors, resulting in a high challenge for the detection
of ultraweak reflector inside sapphire fibers.
Possible solution #3: Research opportunities exist in development of
advanced fs laser micromachining technique that can create high performance,
high quality reflectors with various reflectivities inside the sapphire fibers, i.e.,
FBGs inside sapphire fiber. In addition, Rayleigh level detection needs to be
realized using the microwave photonics interrogation system.
2. Liquid-assisted fs laser process has been proven to be a useful way to create
3D hollow structure inside the transparent materials. However, drawbacks still
exist. For the FLIWD, the quality of the microchannel is limited, while for the
FLICE, HF solution is always toxic and hazard to human bodies.
Possible solution: Research opportunities exist in development of advanced
fs laser micromachining technique for the etchant driven inside transparent
materials or for the fabrication of 3D structures in multilayer solutions
(oil/etchant two layer systems), where oil layer is used for spherical aberration
elimination and protection, while etchant layer is used for structure etching
and debris cleaning.
3. For the laser processing mentioned in this dissertation, only one focal spot can
be fully used during the micromachining, resulting in a time consuming issue
when facing to the industrial applications.
Possible solution: Research opportunities exist in development of parallel and
multifocal fs laser micromachining techniques, i.e. using SLMs [297].
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Appendix A
Table A-1: REFRACTIVE INDICES OF SUCROSE SOLUTIONS.
Sucrose
Concentration vs. RI (20°C)
% by wt.
RI
0.50
1.3337
1.00

1.3344

1.50

1.3351

2.00

1.3359

2.50

1.3366

3.00

1.3373

3.50

1.3381

4.00

1.3388

4.50

1.3395

5.00

1.3403

5.50

1.3410

6.00

1.3418

6.50

1.3425

7.00

1.3433

7.50

1.3440

8.00

1.3448

8.50

1.3455

9.00

1.3463

9.50

1.3471

10.00

1.3478

11.00

1.3494

12.00

1.3509

13.00

1.3525

14.00

1.3541

15.00

1.3557

16.00

1.3573
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